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ABSTRACT

Large=~scale, high-speed electronic digital computers

are at the present time under rapid development in several labo

ratories. Unless the mathematics of specific applications are

worked out in detail before these computers become working reali-

ties, there will be an unnecessary delay between the day the

first computer is completed and the day the first useable compu-

tation is performed.

In this thesis a single practical problem, naval ine

tact stability study, is reduced to &amp; strictly numerical pro=

cedure and is programmed in detail for the Whirlwind Computer

under development by the M.I.T. Servomechanisms Laboratory.

Apart from the problem of intact stability study in

which the program can be of specific use, the work presented

demonstrates that a digital computer is capable of performing

not only problems which are inherently numerical, such as the

first half of an intact stability study, but also problems which,

like the second half of an intact stability study, are bv their

nature graphical (analog) and are not well suited for digital pro-

~edures.

It is further demonstrated that even with the limited

prototype memory ability of the Whirlwind Computer, problems of

the magnitude of intact stability study requiring twenty to thirty

30166-



man~days of machine-asrsisted hand computation can be reduced to

2 very few man-hours of date preparation and a few computer-

seconds of computation.
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. = Introduction

The rapid present-day development of large-scale, high-speed

electronic digital computers has given rise to a need for investigating

the ways in which solutions of engineering and scientific problems can

be set up to be carried out by a digital computer. Investigations have

been and are being made to determine the most suitable general mumeri-

cel methods of the solutions of systems of algebraic equations, differ-

ential equations, integral equations, and the like. A general procedure

for attacking a given problem having been decided upon, it is then ne-

cessary that the solution be set up in detail (i.e., programmed) using

the order code designed for a particular computer.

The importance of writing a program for a specific problem

lies largely in the fact that few such programs have yet been written.

The programs which have been written are for the most part concerned

with general numerical procedures or with portions of particular prob-

lems, usually without any regard for the size of the numbers involved.

Most present-day computers are so-called fixed point machines in which

the decimal point remains fixed, so that if the numbers resulting from

intermediate computations become small, the significant digits can all

be lost "off the right-hand end", while if they become too large, an

overflow alarm will stop the computer entirely. The problem of keeping

the significant digits "centered! in the computer throuchout the comvu-

bation is usually referred to as the "scale factor problem". The tech-

niques used to handle scale factor in a specific problem, although
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immediately applicable only to that problem itself, shed light on =a

general procedure which may be applicable to whole classes of prob=

lens.

The present thesis proposes a detailed program by which

the Whirlwind computer being developed by the M.I.T., Servomechanisms

Laboratory can be directed to carry out a specific, practical prob-

lem, an intact stability study. The numerical-graphical procedure

currently used by the U.S, Navy's Bureau of Ships in performing such

a study has been used as a basis for formulating a strictly numerical

procedure which has been programmed for the Whirlwind Computer using

the order code already established for that computer currently under

construction at M.I1.T.

The intact stability study seems to be a very suitable spe-

cific problem from a number of points of view. In the first place,

the computation is one that is now carried out frequently by hand, so

that it is a practical problem to set up for the computer. Since it

has been carried out regularly, the numerical procedure is well es-~

tablished and the magnitudes of the numbers involved are well known.

Furthermore, it is a problem which is not particularly well adapted

for digital computation but is much more easily handled by graphical

(i.e., analog) methods. Consequently in programming it for a digital

computer, one makes a digital machine compete with anslog equipment

ander conditions most adverse to the dizital computer,
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II - Intact Stability Study

Desired results

The set of calculations by which the so-called curves of

form showing the stability characteristics of a ship are computed

from the shape of the hull of the ship is called an "intact stabi-

lity study", the term "intact" being used to differentiate the

study from a "damaged" study, in which various types of hull damage

{e.g., flooded compartments arising through accidents or combat)

are considered,

"Curves of form", strictly speaking, include two sets of

plotted curves, the first set of which shows the following quan‘i‘ie-

all plotted against the draft, or depth of keel amidships:

/\ = displacement in salt water, measured in tons

Ap = displacement in fresh water, measured in tons

KB = vertical position of the center of buoyancy, measured

in feet above the base line of the shin

WB = longitudinal position of the center of buoyancy, meas-

ured in feet forward (positive) or aft (negative)

of the midship station

P/in. = tons of displacement per inch of immersion in salt water

BF = position of the center of flotation, measured in feet

forward (positive) or aft (necative) of the mid—

ship station
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KM = position of the initial transverse metacenter,

measured in feet above the base line of

the ship

MT, = moment required to change the trim of the ship

by one inch, measured in foot tons

The results of a typical study, supplied by the Bureau of Ships,

lllustrate these curves of form (Fig. 1).

The second set of curves are called "cross curves of stabi-

lity¥, and while the cross curves are really part of the curves of

form, convenience and common practice permit the cross curves to be

considered a separate entity, thereby allowing the use of the title

"eurves of form" to describe only the set of curves listed above.

The cross curves (shown in Fig. 2) show the righting arm (0Z) as a

function of displacement for a set of given angles of inclinaticn

(roll angle or heel) of the ship. As now carried out by the Navy,

cross curves are plotted for angles of inclination at intervals of

10° between anzles of 10° and 80° inclusive.

Source of data

Both curves of form and cross curves are functions solely

of the shape of the hull of the ship in question. The shape of a

hull is given in a lines plan, which is in reality a set of plan

views taken at different heights (waterplanes), a set of side ele-

vation views taken at different widths (buttocks) from the center-

line, and a set of front elevation views teken at different lengths

(stations) alone the length of the ship. For the purpose of carrying
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out the numerical integrations of an intact stability study by digital

methods, it is necessary only to know the coordinates of the hull for

a selected grid of points. Thus, knowledge of the breadth of the ship

at a set of different stations along the length of the ship and at a

set of different waterplsnes along the height of the ship is all that

is necessary in the way of data, Such a set of breadths are readily

available on the front elevation view, known as the body plan, which

shows cross sections of the ship at various, usually equally spaced

stations along the length of the ship. Thus the set of pointe taken

from the body plan (such as is shown in Fig. 3) is the only data needed

for the intact stability study. However, in the procedure currently

used for hand calculation, much of the integration is done with me-

chanical integraphs so that the body plan itself is essential. It

should be noted that the line labelled "deck" in Fiz. 3 is really only

the deck line amidships, and that there is a separate deck line im~

plied for each station. Actually, also, the deck usually has camber

rather than being flat as shown in this typical study.

calculation

A procedure for calculating the desired quantities has been

worked out in detail by the Bureau of Ships and set up in four compu

tation forms, called Tabulations #1, #2, #3, and #4, examples of which

are reproduced here as Figures 4, 5, 6, and 7. In Tabulation #1, the

area (A), the moment of the area taken about the midship station (M),

and the moments of inertia of the area taken about the midship station

(Ig) and about the centerline (I,)are calculated for each desired
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waterplane, i.e., at the various heights h, by straightforward numeri-

cel integration. The integration is done by the Tchebycheff five-point

rule, used for ten stations, which involves simple addition of the

preadthe (times suitable moment arms) at stations chosen at the proper

intervals (called Tchebycheff stations). Since the stations normally

taken for a body plan are equally spaced, it lis necessary to lift a

new body plan from the ship's lines before this Tchebycheff integration

can be applied.

In the tabulation, t is the distance of the Tchebycheff sta-

tion from the midship station of the ship, measured as a fraction of

the length of the ship, b/2 is the half-breadth of the ship at the given

station and waterplane, and L is the length of the ship, measured be~

tween the (arbitrarily chosen) forward and after perpendiculars (cor-

responding to the first end last stations, shown as FP and AP on the

body plan). Since portions of the bow and stern project beyond the

forward and after perpendiculars, separate rough calculations of the

A, My Ix, and Io, must be carried out for these appendages. This is

lone by determining the shape and extent of the projection and integrat-

ing by hand and by eye. The results of this separate approximation

work are entered in the boxes labelled "Ford. F.P." and "Aft A.P.Y,

and, as may be seen in the typical study, the contribution of the ap-—

pendages is relatively small compared to that of the rest of the ship,

even though the effect on M and I, is heightened by large moment arms.

Tabulation #2 provides for findine volume integrals corre-—

sponding to the volume (V) and moments of volume teken about the base



Page T

plane (M) and about the plane of the midship station (¥;). The area

of cross section (a) of the ship up to each waterplane at the Tcheby-

cheff stations is found by use of a mechanical area and moment inte-

graph, while the moment about the base of the ship (m) is found di-

rectly at the same time. The factors c' and c" are the integreph con-

etants for area and moment respectively, while s is the scale factor

of the drawing, in feet of ship per inch of plan. The integration

over the length of the ship to obtain the volume integrals is again

done by Tchebycheff integration. The contribution of the appendages

is calculated and added in as before.

Tabulation #3, integration of stations in inclined positions,

again depends upon the use of an area and moment integraph, this time

to obtain the area (a) under a rotated waterline at a given station

and the moment of the area (m,) about a rotated vertical line. The

volume integration is by the Tchebycheff rule and the volume integrals

are called v, and M, respectively. Although space 1s provided for

entering appendage effects, the appendages are seldom considered in

this phase since the difficulties are great for the increased accuracy

obtained. In order to visualize the inclined positions properly, one

must imegine the ship inclined in the water by some angle (in this case,

angles taken at intervals of 10°). The calculation is done in practice

by drawing &amp; vertical line and a set of horizontal waterlines on trang

naerent paper, rotating the ship body plan undernesth this waterline

sheet, and running the integraph around the area bounded by the desired
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station and the desired waterline. In Figure 8, the lines labelled

Wy Lp» W, Lo ¥, Los Wy, Ly, are the desired waterlines, and the ship
section has been rotated about the fixed point KG which is chosen at

an arbitrary height on the vertical centerline. The distance from

the base line of the unrotated body plan to the assumed KG 1s listed

rs KO on Tabulation #3, and will be known as hoa in the discussion

of the program later.

Tabulation #4 permits the calculation of the final results,

The values which are labelled "plot" are of course those which make

up the curves of form, while the other values, BM, I, end BM,, as

well as the quantities marked in by hand, are intermediate results

needed to obtain the final plotted results but of little value them-

selves.

[mportance of Intact Stability Study

Representing the Stability Section of the Navy's Bureau of

Ships, Charles L. Wright, Jr., who was the originator of the problem

of applying high-speed digital computation to intact stability studies

and who made available the typical study most of which is revoroduced

here, stated in a letter to the writer dated September 28, 194g, that

"Intact stabilityisafundamental factor in the seaworthiness of a

vessel and must be carefully studied for each new design. Studies are

nade during the development of the design and are often repeated when

the final lines are lifted in the shipyard mold loft. If studies

could be carried out in such a short period of time as is contemplated

for the Whirlwind Computer, several studies might also te made during
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the preliminary stages of each design to replace the approximations

that are now used. New studies are also made whenever extensive al-

terations are made in the watertight portions of the hulls. Stability

studies are made, not only for naval vessels, but for practically

every type of craft including pleasure boats and merchant ships. Pro-

bably more of these studies are made by small boat designers than by

the Navy, since there are many more different shapes of hulls in the

small boat field."

Furthermore, properly applied digital computation should give

as much accuracy as is desired, although accuracy beyond three decimal

digite is hardly worth while. Again according to C. L. Wright, Jr.,

"The accuracy of all curves of form" (particularly cross curves) "would

be appreciably increased if values could be obtained for additional

waterlines more closely spaced. Similarly, values at smaller increments

of angles of heel would improve the accuracy of the cross curves of

stability.”

An intact stability study of the type considered here requires

from twenty to thirty man~days of work. For a high-speed digital compu-

ter a similar study could be performed in a matter of seconds, and tak-

lng closer waterlines and smaller angles of increment would lengthen

the time by only a few seconds. Thus use of a computer would not only

save a considerable amount of labor now expended on stability studies,

but would permit more frequent and more accurate studies to be performed.

In fact, the principal objection to the use of a high-speed computer

for problems of this type is that the computing time is so short that
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the seconds or minutes of computer time required to prepare the computer

to solve the problem can hardly be justified. Such considerations sug-

gest that a possible application of a computer to stability study might

be to carry out a trial-and-error synthesis. That is, with the high

speed of an electronic computer it would be possible to try many hunw

dreds or thousands of variations of hull shape in order to select the

one with the best stability charact~ristics of the group.
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[II » The Whirlwind Computer

reneral description

Generally speaking, the device commonly referred to as Whirl~

wind One, or simply WWI, being developed by the ONR~sponsored Project

Whirlwind at M.I.T. is a large-scale, high-speed electronic digital com=-

puter. The term computer is used here to mean a device capable of per=-

forming the basic arithmetic operations characteristic of a calculating

machine according to some predetermined plan, so that a computer may be

thought of as an automatic sequence controlled calculator, A digital

computer is one which operates by the use of numbers (digital quantities),

as in a desk calculating machine, rather than by the use of shaft ro-

tations, rod positions, or other analog quantities, as in a slide rule,

a planimeter, or a differential analyzer. The term electronic implies

that the computer is constructed for the most part out of electron tubes

rather than out of shafts, gears, relays, motors, and such mechanical and

electrical devices. The adjectives high-speed and large-scale are of

course purely relative and are used here to mean that in point of memory

capacity and operating speed the Whirlwind Computer is nearly as large

end as rapid as any computer built or being built in 1948.

In particular, WWI (having a multiplication time of about fifty

nillionths of a second) is actually intended to be of the order of half

a million times as rapid as a person using an ordinary desk calculator.

Although it is intended as a prototype for a larger computer to be built

later, WWI has a high-speed memory capacity of 204% words, each word
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containing sixteen binary (or 4.8 decimal) digits, for a total cape~

2ity of about 10000 decimal digits. Whirlwind I uses the pure binary

number scale in its operation. Like most cther present-day computers,

it is a fixed-point computer in which the binary (analogous to deci~

mel) point remains at the left-hand end of every number, so that a num-

ber of magnitude greater than or equal to one is not admissible in the

computer,

Design and nomenclature

Any electronic circuit which has two and only two mutually

exclusive possible states (for instance, a switch which can be open

»r closed, or a voltage polarity which can be positive or negative)

can te used to "store" a digit, and for that reason can be called a

"digit space, The set of digit spaces in which a binary number is

stored is called &amp; "register!., Generally speaking, ell registers in

a computer are of the same length, i.e., have the same number of di=~

rit spaces. In Whirlwind I the registers have 16 digit spaces and

nence store a 15 binary digit number and a sign digit.

Whirlwind I has four logically independent elements which

when suitably integrated make up the computer, Each of these elements

has a direct analogue in ordinary manual computation arrangements, the

desk calculator which performs the arithmetic operations corresponding

to the "arithmetic element", the overator who supplies numbers to the

calculator together with instructions of what operations to perform

(e.g., add, multiply, divide) corresponding to "control". the form on

which the instructions ("program") are printed and on which the inter
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mediate results are to be written corresponding to "storage", and the

paper on which the data and results are entered corresponding to "in=-

put and outputh.

The arithmetic element is composed of three 16 digit regis-

ters, called the A-Register (AR), the Accumulator (AC), and the Bw

Register (BR) which may be thought of in this pattern:

from storage

-

w }

vo Je BR
to storaze

 mn

4

Numbers can be transmitted from storage to AR, and the contents of AR

can be added or subtracted into whatever is in AC. Numbers can be

transmitted from AC to storage, and AC can be made to shift its con-

tents to the left or to the right, the contents of each digit space

(except the leftmost or sign digit) moving into the digit next to it

on the right or left. The contents of BR is always shifted simultane-

ously with that of AC and the leftmost digit of BR is connected as if

it were on the right of the rightmost digit of AC.

In order to carry out multiplications, divisions, and multi-

ple shift operations, some circuitry known as "arithmetic control" is

provided. This control directs the arithmetic element through the ne-

cessary repeated additions, subtractions, and shifts to perform mlti-

plication, division, and shifts,

Storage is composed of 20uU8 = 11 identical storage registers

+shich are numbered consecutively from O through 2047. The eleven digit
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binary mumber corresponding to a particular register is called its

"address, It might seem that a distinction should be made between

the storage used to store the orders or program and the storage used

to store numbers, but such a distinction is in fact unnecessary and

eny storage registers can be used to store elther an order or a num-

Neer.

Unless otherwise directed, main control in Whirlwind I se-

lects orders from consecutive registers in storage and directs the

arithmetic element in carrying out the orders. Certain orders (sp,

cp) can direct main control to select the next order not from the

next rezister in succession, but from a new register anywhere in

sto raze.

An order is a 16 digit mumber which is interpreted in two

rarts as shown!

o[1f2[3[uls5]6T7 [so rofn]arz]as|uf1s
A—————
Operation

 nN

The eleven digit address section is generally used to select the stor

age register from which a number to be operated on is to be taken or in

which a number to be stored is to be stored. If, however, the operation

called for is a shift, the address section is merely an indication of

the number of single-step shifts to be made, while if the operation is

intended to direct main control, the address section gives the address

from which the next order is to be taken.

“WI overations

Phe five digits assigned to the overation section of an order
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give the possibility of indicating one of 2? = 32 4d! ferent operations.

For convenience in writing, these different operations are each written

es a pair of lower case English letters. The letters, or initials, sre

chosen with the intention of suggesting the operation. In starting any

process, it is usually necessary to clear AC and transfer a new number

from storage to AC. Therefore, an operation may be chosen with which

to clear AC and transfer to AC either the positive or the negative of

the value of the contents of the storage register indicated in the ad=

iress section of the order:

ca =~ clear and add

cg =» clear and subtract

To add or subtract the contents of a second register to or

from the number in AC there are the operations:

ad=~add

ell = subtract

In order to store a result:

ts = transfer to storage

In order to multiply or divide, the number to be multiplied

or divided is first put in AC by means of the ca (or cs) operation and

ise is made of one of the following operations, the address section of

the order indicating the multiplier or divisor:

mr -~ multiply and roundoff

mh -~ multiply and hold full product

dv = divide

Jhen two 15 digit numbers are multiplied together, a 20 digit
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product is formed, and in WWI the first, or significant 15 digits

appear in AC, the last 15 in BR, and these last 15 may be correctly

rounded off, by mr, or left intact, by mh. Because of electronic

peculiarities, the quotient after a division appears in BR and must

ne shifted into AC by use of a separate shift left operation: As

has been mentioned, the address section of a shift order indicates

the mumber of shift steps to be made, the operations being:

sr - shift right

sl « shift left

The operation which causes main control to select the next

order from the storage register whose address appears in the address

section of the order is

5p = subprogram

In order to repeat a process a definite number of times

(for instance, until an iterative process has converged satisfacto-

rily), it is necessary to be able to subprogram or not depending on

the size of some number. Hence, the operation

cp - condition subprogram

acts like the subprogram operation if the number in AC 1s positive

and does nothing if the contents of AC is negative or zero.

In order to change the address section of an order without

affecting the operation section, there is an operation by which only

the eleven digits corresponding to the address section are transferred

to the storage register:

td -~ transfer digits
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Placing a new address into AC prior to using a td order may

be accomplished by having the address stored separately somewhere and

using a ca order to get it to AC. Storing the new address separately

san be avoided by use of a special operation (which is really intended

as part of a specialized procedure called "automatic subprogramming"):

as - automatic setup

Part of the result of the az operation is the transfer to AC of the

entire as order itself, thus in particular putting the address section

of the as order into AC, whence the td operation transfers it to stor-

age. Thus to insert the new address 678 into the address section of

the order in register 1284, it is nec2acary only to order as 678 fol=

lowed by td 1284.

In many cases (for instance, when keeping count in a multi-

ple step program) it is desirable to be able to increase the contents

»f a storage register by one in the right-hand end. A single oper-

ation by which this increase can be accomplished and the negative of

the increased number left in AC (for convenience in applying the cp

yperation immediately afterwards) is the operation:

an = add one

While other rather specialized operations planned for WWI

and necessary input and output operations not yet designed in detail

have been omitted, the discussion above includes all the operations

used in the program which follows. The operations used are listed

alphabetically and described more precisely below:
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3.0) &gt;

(add)

Add the contents of register x into whatever is in AC.

(add one)

Page S56

ada 2°30 to the contents of register x (addition actual ly Per

formed in AC) and put the negative of the increased quanti-

ty into AC.

A] r (automatic setup)

Clear AC and transfer the order as x itself to AC.

ca (clear and add)

Clear AC and add the contents of rel

 Dp X (conditional program)

If the number in AC is positive, take the next order from regis-

ter number x.

8 x (clear and subtract)

Clear AC and subtract the contents of register x into it.

iv ~ (divide)

Divide the contents of AC by whatever is in register x.

nh x (mltiply and hold full product)

Multiply the contents of register x Ly 1™-*ever is in AC, leave

ar A

the full product in AC and ER.

(mltiply and round off)

Multiply the contents of register x by whatever is in AC and

round off the result to one register lencth.
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sl x (shift left)

Shift the contents of AC and BR to the left x times and round

3p a

sr

311

td

 8 X

off the result to one register length,

(subprogrem)

Take the next order from register number

(ehift right)

Shift the contents of AC and ER to the right x times and round

off the result to one register length.

(subtract)

Subtract the contents of resi*

in AC.

 irom whatcver is already

(transfer digits)

I'ransfer the right-hand eleven digits in AC to the right-hand

eleven digits of register x.

(transfer to storage)

Pransfer the contents of AC to register x.
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[V — Development of the General Procedure

In general, the tabulation forms of the typical study

(Figures 4, 5, 6, 7) provide a valid basis for setting up a pro-

cedure for a computer. However, in order to reduce the amount of

temporary storage space needed during the computation, the final

results of Tabulation #4 are calculated and stored as soon as the

necessary quantities become known rather than storing all the in-

termediate results and collecting them all at the end. Thus Tabu-

lation #4 is absorbed into various parts of the program and loses

its identity.

Integration of watervlanes

The integrations to determine area, moment, and moments of

inertia of the various waterplanes are strictly numerical procedures

which can be adopted directly. Since use of Tchebycheff integration

requires a speciel set of half-breadths to be taken at the Tchebycheff

stations while Simpson's rule would permit use of equally-spaced sta-

tions, and since Simpson's rule is of nearly the same accuracy and

;alculational simplicity (especially since the factors 1, 4, 2, U,..

,«y 1 are all "round" binary numbers) as Tchebycheff's rule, the pro-

gram here uses Simpson's rule integration. Following the pattern of

Tabulation #1, the half-breadths corresponding to the first waterplane

(h,) are chosen. Referring to Flow Diagram I (Figure 12), in which

the blocks 1, through 31. correspond to Tabulation #1. the blocks 1.

through 3. represent the selection of the half~breadths., A more de-
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tailed discussion of the individual blocks is given, together with

the specific orders, in Chapter VI, After the proper half-breadths

have been chosen, the Simpson's rule summation is performed (block 5.

but since the same summation must be repeated in determining M, Topo

snd Ig, block 5. is actually a subprogrem which is used four times.

The appendage area must be calculated and added to the

Integral just formed (blocks 7. and 8.). The appendages can be cone

sidered to be approximately triangles, parabolas, or rectangles, dem

pending on the ship. In any case, the base of the triangle, parabola,

or rectangle 1s the breadth of the ship at the forward (or aft) per-

pendicular, and if the height of the figure (i.e., the length of the

projection fore or aft) is known, the area, moment, Lop and Ix can

all be calculested by elementary methods. It turns out that the fol=

lowing formulas apply, where b 1s the breadth at the end perpendicu-

lar, 4 the length of the projection beyond the end perpendicular, and

L the length of ship between end perpendiculars:

2 1
A= b-d-(1, 2? 5)

n= (G+ (5 5 Pada
= dL, 12

Lo = (3 yg A A
2

(+ (3, &amp;, $42)
The three alternative constants enclosed in parentheses are the face

tors to be used if the shape of the appendage most nearly approximates

a rectangle, a parabola. or a triangle, respectively.

_ A 5
Once the total area is known, the value of T/IN. = Isg 1s
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calculated directly (block 9.). Then the cubes of the breadths are

formed and the value of Ios, is calculated and stored complete with

the contribution of the appendages (blocks 10. to 15.). Forming the

products of breadth times distance from midship station (blocks 16.

to 18.), carrying out the same integration program (block 5.), cal=

culating and adding on the appendage moment (blocks 20.and 21,), end

dividing by the area already determined yields the value of WF (block

22.). A similar process (blocks 23. to 28.) using the square of the

moment arm, results in the value of Igy, and MT, is formed directly

ag indicated in block 29. Block 30. is used to prepare the program

for the next waterplane, and block 31. checks to see whether all the

waterplanes have been completed before starting the cycle over again,

[Integration of volume in upright position

After the waterplanes have been completed, the program pro=~

seeds to the equivalent of Tabulation #2. Integrating over the width

and height of the submerged portion of each station which, in the

hand computation, is done with a mechanical integreph, and then form-

ing the double integral over the length of the ship is exactly equi-

valent to integrating over the length and width of each submerged

vaterplane and then forming the double integral over the height.

v= [(fvan)al = [(/ vds)an

J (/f vhan)as = f(/vas)nan

J (f var)laL = f (/ véal)an

V

M wr

Thus,

It may be seen that the first expressions are the one used in Tabu—

lation #2. However, the second expressions are mach more convenient
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from the point of view of the computer, for the integrals { vas and

IRYLY are simply A end M from Tabulation #1, and the integration

over h is a straightforward process numerically. An added advantage

is that the appendages, which have already been considered in cal-

culating A end M, take care of themselves in the volume integration.

The only problem which arises is that of picking the water-

planes so that the normal Simpson rule which requires an odd number

of equally spaced intervals can be used. It is not reasonable to

require that all waterplanes be equally spaced, for since most ships

have much more curvature (shape) near the base than higher up, it is

both reasonable and common to take waterplanes closer together near

the base than higher up. The normal procedure is to take waterplanes

every 2, 4, or 8 feet from the base to above the greatest expected

draft of the ship and then to subdivide near the base, so that in

the typical study, for instance, plenes are taken at 0, 2, 4, 6, 8,

12, 16, 20, 24, 28, and 32 feet. An assumption which simplifies the

programming considerably without placing any undue restriction on

the generality of the treatment is simply that

1) the interval between any two waterplanes is either ex—

actly equal to or exactly twice the interval immediately

helow it.

2) every interval has at least one other interval equal

ta it.

7) the third interval is twice the second interval.

In other words, the relative spacing of waterplanes can be 1, 1, 2,

2s kh, lL. bu, 8. &amp; but not 1. 1. 2. Z. 2, 2. etc. nor 1. 1. 2. ut ‘1
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nor 1, 1, 1, 1, 2, 2, etc.

Under the assumption just made it is possible to define

an integration procedure as follows!

. J Disregard the integral up to the first waterplane.

This interval is usually at such a shallow draft

that it has no significance in the curves of form,

and in any case the bottom interval can always be

subdivided if necessary.

Since the first and second intervals are equal

(this follows from the stated assumption without

being explicitly required), Simpson's rule can be

used to integrete up to the second waterplane., It

should be noted that Simpson's rule always takes

34

ot }

two intervals at a time, weighting the three points

at 1, 4, 1 respectively, and that for a given in-

terval length the rule is no less accurate for three

points than for eleven.

Lump the first and second intervals together as one

interval, so that their sum equals the third inter

val, and use Simpson's rule again to integrate up

to third waterplane. That is, use the base, second,

and third waterplanes, omitting the first.

The fourth interval equals the third, so that Simp-

son's rule can be used to integrate from the second

to the fourth waterplane, and to this can be added
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the integral up to the second waterplane, already

obtained, yielding the integral up to fourth.

Proceed according to the following inductive plan:

If the JB interval is equal to the 3-10 inter-

val, use Simpson's rule directly and add the in

tegral obtained to the integral up to the j-2%8

waterplane. If the a interval is twice the

Whe interval, lump the 3.150 interval with the

{pth interval, apply Simpson's rule to the water-

planes i-3%, i-l, i, and add the integral obtained

to the integral up to the 1-30 waterplane,

In programming the process, the values of the intervals are calcu-

lated (An= h- bh; ,) and stored for all values of i, and the prow

ducts of area times height are formed and stored incidentally to the

formation of the intervals (blocks 32. to 35. on Flow Diagram I).

Then step 5H of the procedure outlined requires that the

three integrals desired (V, My» and My) be calculated stepwise for

three points at a time. In the program the integrals are formed in

olocks 39, and 40,, Ll, and 45., and L8. (L8. is logically two blocks).

and are added to the integral up to the bottom point of the three

points in 4l.,46., and 49. The various desired results (A,B, WB,

KB, KM) are calculated in 42., 43,, L47., 50., and 51. Block K2.

then increases the various addresses in the program so that the 1+ B

vaterplane is considered. Now if the 1+ 0 interval is creater than

(i.e., double) the 1 ¥0 interval, the storage addresses in the inte-
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gration blocks (39., 4h., UB.) of the bottom point of the three points

should be left unchenged, as should the storage addresses from which

are taken the integrals up to the bottom point, Therefore these so-

called (i-m) addresses are not changed in 52., and since on the next

cycle the result of the comparison in block 76. is positive, they

are not changed at all but are left at i-2. If, however, the +10

and 3 OB intervals are equel, the bottom point addresses should be in-

creased to be 3-10 addresses. But suppose that on the cycle before,

the MF cycle, the bottom addresses were left unchanged (vecause the

ia interval was greater than the 1-158), Then the bottom point ad-

dresses are set at the 1-3P plane, and must be increased by two.

Therefore a second comparison (block 37.) determines whether or not

the itB interval is greater than the 3-10 interval. Block 38. causes

the bottom point addresses to be increased by one in either case, and

block HSU. increases them a second time if necessary, Block 53., at

the end, simply determines whether all waterplanes have been done,

and, if not, causes the cycle to be repeated. The detailed arrange

ment of the initial values in the program assures the initial pro-

cedure for the first three waterplanes 1s actually performed as re=

yuired by steps 1 through Lu.

[Integrationininclinedpositions

As has been seen, the cross curves of stability (Fig, 2)

are obtained by imaginings the ship rotated in the water through a

set of angles 6 about a longitudinal axis throucsh some chosen center

of gravity and determining the submerged volume and moment of volume
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about the original vertical centerline below each of a set of chosen

waterplanes., In practice this computation is accomplished with a

mechanical integraph by determining for each station the area and

noment of area below each of a set of rotated waterlines and then

integrating numerically over the length of the ship to obtain volume

and moment of volume. The configuration involved is shown in Figure

g. Use of an integraph which gives area and moment simultaneously

makes it a simple task to measure the area of the shaded portion in

that figure and the moment of that area about the centerline CC'.

Reducing this computation to a strictly numerical proced-

are does not appear to be simple. The process of integration would

not differ from that used in the preceding work if it were possible

to obtain the perpendicular distances from the rotated centerline

to the ship hull at any given height on the centerline (i.e., the

lengths of AB and AB' on Fig. 8 and of all the equivalent lines paral-

lel to BB' and at uniform distances from BB'). This problem amounts

to finding the intersection of a straight line with a curve (the ship

section) defined by a set of discrete points (i.e., the half breadths

at given vertical heights). It is comparatively easy to set up an

iterative scheme to determine the intersection. For instance, as

a first guess, the point in the rotated waterline which is directly

helow the intersection of the unrotated waterline with the ship

section can be taken, Thus if the hull were vertical in the region

in question, the first guess would be the solution. As illustrated

in Figure 9, the first guess is the point E. This point is readily
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determined, for AD is the half~breadth at A, AB is found from multi

plying the distance from A to CG by tans , AB + AD = BD, and

DE = BD tan®. Knowing DE, the vertical height of V can be determined

and by interpolation between the given half-breadths the length of

TF is found. Then FE = JE = JF and GF = FE tan®, and so on.

However, difficulties arise when the number of different

alternative circumstances are considered. If one chooses a point

on CC! and looks for the intersection with the ship of the line per-

pendicular to CC' at that point, one might expect to find two inter-

sections. However, there are always lines with no intersection:

there are occasionally lines with four intersections (see, for ex-

ample, WL, in Pig. 11); and lines may accidentally be chosen with

syne or three intersections (i.e., tangent to the hull). These sev-

eral possibilities, combined with the cases in which the line inter-

sects the ship at the deck or through the flat part of the keel, make

the number of alternative procedures necessary to find a given inter-

section so great as to be almost prohibitive.

If sufficient attention were given to the alternative pro=-

cedures necessary to determine how many intersections to expect, the

iterative method suggested might be developed into a useable vrocedure,

[t is not used because a second procedure, perhaps less elegant, but

with no problem of alternatives is thought to be more suitable.

The second procedure, which has been programmed for the

computer, makes a slightly different attack on the problem. Instead

of a point on the centerline being chosen and the perpendicular
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listance from it to the ship section being determined, a point on the

ship section is chosen and the perpendicular distance to the center-

line as well as the position of the point of intersection on the center-

line are determined. Since the process is simply a rotation of axes,

these distances are extremely easy to compute, &amp;s can be seen in Fig-

ure 10, While none of the problems involving alternative procedures

appear here, a new difficulty arises in that the intervals along the

waterline (along which the integration is to be done) are not equally

spaced. This is shown in Figure ll. Two 2lternatives suggest themselves:

interpolate to find the values of 4 at equal intervals along the center-

line, or integrate directly over the unequal intervals, Linear inter-

polation followed by high order integration is no improvement over

linear (i.e., trapezoidal) integration. High order interpolation fol-

lowed by high order integration or direct high order integration would

yield satisfactory results, but the difficulties involved in programme

ing the integration or the interpolation are great. Consequently, the

procedure followed here has been to take the points relatively close

together and to use trapezoidal integration.

Since the waterplanes for which the breadths are known are

probably a little too far apart to guarantee reasonable results from

trapezoidal integration, it is necessary to interpolate for points

between the ziven points. Some definite number of points may as well

be found between each pair of given points, for the given points are

presumably chosen closer tozether where the curvature is great than

where it is small. A compromise must be made in choosinz how many

points to interpolate between each pair of given points, for increasing
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the number decreases the truncation error but increases the roundoff

error. In the program as written, three equally spaced points have

heen found between the given points,

The interpolation has been programmed using a specialized

form of the general Lagrange polynomial interpolation formula, which

expresses the unique polynomial of degree M-l1 which assumes M given

values Dy ecco) Py at M given places Xx; vee Xp respectively:
M

M TT (xx )
= J=1

P(x) = &gt; Dp, - id (with J # 1)

1=1 TTj= (Xx)

Since third order interpolation is sati-~factory for curves like ship

lines which are probably not much worse than second degree, only four

points (x5 Pyi Xo Poi X35 Pgs yp p),) are used. Then the Lagrange

formula specializes to:

2x) = ps (x-x,) (x=x )* (x=x),) ‘oo. (xx) + (32) + (20x))
1 (x, =x, 1 x)=x)x)=X),) 2 (x-x, X( xgHx x),)

‘oo (x=) (=x) (2-3) ) ‘on. (x3) (xm) (mx)
7 (x ~~. MH ~¥ x H X.=X),) ' 4 (x) ~ M =

From the assumptions about the spacing made on page 31, it follows

chat, if the x's are the waterplane heights and x, , x. »x,&gt;X,, only

the following relative values are possible

(x5mx) )=(x,=x,)=( xX),=X)
2 xX -%) J=(x mx,)=( %),=X3)

&gt;T ¢) (xx )=(x,~x,)=2(x =x)
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Furthermore, since only three values of x are to be calculated be-

tween x, end Xz) it is apparent (remembering that x53 x.) that
l 2

X= X (5 Lor £)(x,7x,). Consequently it is possible to calcu-

late all possible values of the coefficients in the Lagrange formu-

la once and for all, obtaining three sets of four coefficients for

each case a, b, and c, or 36 coefficients in all,

These coefficients are only useful in obtaining points

in the middle interval of the four points. By shifting the four

points along, the middle interval can be made to coincide with every

interval between waterplanes except the first and last. However, it

ig not unreasonable to require that the first three intervals im—

mediately below the deck line be equal, so that condition (a) holds,

l 2
and x = x= (5 [orf 2)(x,-x,) where x, is the height of the water-

plane just below the deck line. At the base of the ship, condition

(b) holds end x = x_— (+ Zor £) (x -x, ) where x, is the base of theTT 3 3 on L

ship. Thus two more sets of coefficients are needed for initial and

final interpolations. For use in the program here these coefficients

are stored in five blocks of storage, labelled y, II, III, IV, or

’ 4, m, where the Roman numerals correspond to the initial, three in-

rermediate (a, b, and c), and final cases respectively, 4 indicates

which of the three values of x is involved, and m indicates to which

of the four points Xx) xy» Xs or x the coefficient corresponds.

Specifically Ki1ls 3 1s the third coefficient to be used in calculat~-

ing the point X= z (xx) when all three intervals are equal.

Another special case occurs at the top of the ship, since
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the deck height need not correspond to any given waterplane., It has

been assumed that if the ptt waterplane is the lowest given water

plane above the deck of the ship at the 558 station, that the regis-

ter Bj,p will contain the breadth at the je station at the deck

(since the a waterplane is above the deck, the breadth at the 22

waterplane would be meaningless). No points are interpolated between

the deck and the Th waterplane.

The program for forming a set of breadths at intervals one

fourth as large as the given intervals is illustrated in Flow Diagram

II, After restoring and indexing addresses in preparation for repeat-

ing the cycle (block 55.), the deck height at the Fi station is come

pared with all the waterplane heights from the base up until the oP

vaterplane is found (56., 57.). The breadth at the deck is stored

(58.) as the first new breadth, the height of the deck above the point

KG is found by subtracting h., from the deck height (59.), and the

proper addresses of the breadth, height and coefficients for the first

interpolation are placed in the orders involved (58. to 61.).

The general interpolation scheme first stores the given

breadth (62.) and height (63.), (initially pwi=1), then calculates

the actual height of the interval (64.), forms and stores each inter-

polated breadth and the corresponding height (65. to 69.) until block

57. finds that all three interpolated pointe have been calculated.

The interpolation is then repeated with modified result-storaze ad~-

dresses (72.), but for the second interval the same points are used,

as for the first, so flow is directed (60.) around the block (77.)

which would chance the points, and block 71. is used to redirect the
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flow for subsequent cycles. In preparing for the second interval,

the Lagrange coefficients should be changed from K; to Kip and to

accomplish this change the flow diagram should show block 76. ime

mediately preceding block 70. rather than in the position shown.

This change is readily made in the program orders,

To determine when the base of the ship is being neared,

comparison block 73. is used. If the base has not been reached,

the blocks 74. to 79. are used to select the proper Lagrenge coef=~

ficients for the next cycle. The final interpolation is cerried

out when 73. gives &amp; positive and 80. a negative result, 81. supply-

ine the final coefficients, After the final interpoletion, block 80.

ives a positive result. The breadth and height at the bage are

stored as the final pair of pointe (82.) and the interpolation is

~omplete.

The actual trepezoidal integration must now be performed,

following Flow Diagrem 111. In Figure ll, a not very typical but

fllustrative ship section is shown rotated counterclockwise through

an angle © from the stationary vertical CC'., The point A and all

points on the right~hand side have moved from the original coordi-

nates E sy W to 2 cos® - w sing, 2 sin® + w cos6; similarly G end all

points on the left-hand side have moved from = 2 w to =~ 2 cos® —

w sing, = 2 8in® + w cos8. A direct procedure to follow in the inte~-

gration is to assume some one station j and some engle oe, end to start

at point A (block &amp;3.), then move across the deck to peint G end cone

sider as the first trapezoid the figure bounded by the deck (AG), line
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0C!', and the perpendiculars from A and G to CC'. (Such a step essen-

tially assumes a flat deck. Most decks actually have an appreciable

cember which could, and should, be teken into account.) Block 83. is

used to calculate the rotated coordinates on the right-hand side of

the ship, block 86. is used for the left side. Normal flow from 83.

will be to &amp;7., but in crossing the deck the flow proceeds from 83.

to 86. under instructions from 84. The formulas shown in 83. and 86.

are incorrect.

Since the desired result is the integral up to each of

several desired waterlines (assume that the desired waterlines, which

in the typical study are 8', 16', 24', and 32', are stored measured

from C3 in a block of registers labelled WL). It is necessary to

break the trapezoid up into the intervals defined by the desired water-

lines. Since point A is in all likelihood the highest point on the

ship and is probably above the highest desired waterline, 1t is ne-

cessary only to determine whether G is below &amp; desired waterline.

Therefore, after the new coordinates uy» ts and u) ts of A and G

have been found, the vertical distance from A to G is formed (87.)

for use later and the height of G is compared (88.) with the height

of the highest desired waterline. If G is above the waterline, it is

compared (89.) with the next higher waterline (an impossibly high velue

is stored in Wig as the height of the waterline above the hizhest one

lesired, so that in this case G must be below the next higher). If A

and G are thus found to be in the same interval, the promner address

is sent ahead to block 96. by block 90. and the area and the moment of
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the area of the trapezoid are formed, multiplied by the Simpson rule

t
coefficient 1, 2 or 4 (ey) corresponding to the J h station and added

tto the previous values from the J h and all lesser stations found in

the same interval (between the same waterplanes) by blocks 92. to 96.

However, if G ie below the first desired waterline below A,

then the height of the desired waterline and the breadth at that water-

line (found by linear interpolation between A and G) are found (97. to

100.) and are used as the end point of the trapezoid beginning at A

and also as the initial point of the trapezoid ending at G (i.e., the

A to G trapezoid is divided into two ty the waterline). Then the same

trapezoidal integration 92. to 96. is performed as before, only now

(on account of block 97.) the flow proceeds to 107. where the next

lower interval, q-1, containing the new initial point, is substituted

for the previous interval gq. Then the same comparison sequence, be-

inning at 87., is recommenced. If, on the other hand, G hed been above

the interval containing A (not possible actually for G but quite pos-

sible, say, in the region between G and F, and quite likely vhen the

intecration comes back up the right-hand side between D and A) the

same insertion of the proper waterline between A and G would have been

performed in 102., 99., and 100.) and 10l. would have directed flow

from 96. to 108. where the next higher interval, gqtl, containing the

new point, is substituted for the previous interval q. After 108. the

same comparison procedure beginning with 87. is repeated. It is pos-

sible. and in Fisure 11 it is in fact the case, that the interval be-

ween A and G will be divided by more than one waterline, but in any
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case these divisions will obviously be handled correctly and eventually

the point G will be reached. Then G becomes the initial point (103.

and 105.) and the next lower point on the left side is converted to

rotated coordinates (86.) and becomes the end point, unless block

106. finds that the base of the ship has been reached.

If the base has been reached, the point D at the base on the

right-hand side is chosen next (block 109. putting the proper addresses

in 83. and restoring 86.), thus integrating the trapezoid bounded by

the base ED, and the integration proceeds from there up the right-hand

side. Since the integration will henceforth be up rather than down

the ship's side, block 110. causes flow to proceed henceforth from

104. to 111. which in turn will check to see whether the top (point A;

ras been reached, and, if not, will allow 121. to step 83. up to the

next point and continue the process.

When A is finally reached, the entire station has been in-

tegrated over and the flow-~directing blocks 84. and 104. are restored

bo their initial values (block 112.). Block 113. checks to see whether

sll the ancles have been considered for this station and, if not, al=

lows 122. to index the whole cycle up to take the next desired angle

© 41°

When all the angles have been completed, the program is rem

stored to the values for 6, again (11%. ), and 115. checks to see whether

nll the stations have been completed. If not, the proper change is

nade in the Simpson coefficients (12%. to 127.) and flow is directed

hack to the beginning of Flow Diagram II to interpolate the breadths
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at the next station and repeat the integrations for the next stam

ion.

When all the stations have been completed, the integrals

between intervals should be summed from the bottom up (116. to 118.)

for all sndion (119., 120.) yielding the integrals up to the desired

waterlines. From consideration of scale factor it might be more satisw-

factory to combine this summation with the output program, since two

or three digits of accuracy might be saved. In any case, the results

of Tabulation #3 have been obtained and, save for an output program

to print or plot the data, the program is complete.

The procedure used automatically takes care of the sign of

the moment and yields the correct area and moment regardless of multi-

ple intersections such as occur with WL, in Figure 11, For example,

the trapezoid from A to G has a negative height, negative length along

CC', and negative moment arm, yielding positive area and negative mom

ment. From G to H the length along CC! is positive, so the area is

negative and the moment positive, thereby subtracting out the shaded

area under GH. Between H and F the length along CC! is again negative

and the area and moment under HF is added correctly. Prom F to J

the height and moment arm are positive, the length remaining negative,

so that negative aree and negative moment both result, effectively

subtracting the shaded area above FJ from the integral. From J around

the base to B, area and moment are proverly positive, while from B

to A area is negative and moment positive, thereby subtracting that

area from the total.
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V = Program Number Storage

Division into groups

The numbers which are stored in connection with any problem

are generally data, constents, intermediate results or results. In

practice the storage addresses assigned to all these numbers will sim-

ply be consecutive register numbers, but for convenience in writing

and describing the program, the numbers have been divided into blocks.

All numbers in any block have a logical association with one another,

and each number is designated by a capital letter, or pair of letters,

chosen to suggest the values stored in the block, followed by an ara

bic numeral, or pair of numerals denoting the position of the number

within the block. Thus, the breadth of the ship at the uth waterplane

and A station is stored in register number B6, 4, while the value of

position of the center of flotation at the gt waterplane is stored,

when calculated, in Fi. The storage registers needed in each of the

three flow diagrams are listed on the respective diagrams,

Arbitrarv choice of some of the parameters

On the flow disgrams many quantities have been represented

symbolically which in practice should be assigned some definite value

once and for all. For example, the number of stations to be used is

called 3g? but there is no need to have the value of Jy differ from

ship to ship. If eleven stations, say, are good enough for one ship,

eleven stations are good enough for all ships. Indeed, to change J,

ag the program stands involves considerable rewriting, and while the
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program could be modified to allow J to vary from ship to ship, the

complications involved, although not great, do not seem to be worth

while, The choice of Jo is in practice restricted to choosing between

the two values most commonly used in design practice, eleven and twenty-

cne. At first glance, use of twenty-one would seem to be preferable,

for it would improve the basic accuracy of the numerical integrations.

However, there are several arguments in favor of using only eleven sta-

tions: the computation is reduced appreciably (in particular using e~

leven stations halves the time for the inclined position integration

which requires most of the computing time anyway);the roundoff error

is reduced; the truncation error is not much increased because ships

lines are generally so smooth that the accuracy is as great as is needed;

and, most important, the amount of data to be transmitted to the com~

puter is halved.

The program written here therefore takes J. equal to eleven.

A value of twenty has been assumed for i allowing that breadths be

given for e maximum of twenty waterplanes above the base plane. The

aumber of waterplanes actually used (n) need not be the same from ship

to ship. The sines and cosines of the angles for which cross curves

are desired could be left unassigned, because by simply changing them,

the cross curves will be calculated for new angles. However, C, L.

Wright, Jr., suggests that these angles be chosen once and for all as

1°, 2°, 3°, ¥°, 5°, 7°, 10°, 15°, 20°, and at intervals of ten degrees

to 80°. All such choices are advantageous because they reduce the

amount of effort and time involved in preparing and transmitting data.
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For the same reason it might be worth while to choose the waterlines

for which values are to be obtained in the inclined position inte-

gration. Such a choice is not as arbitrary as it might seem because

the actual choices determine the position of points (v,m) on the cross

curves only indirectly, both v and m being calculated quantities.

Scale factor requirements on data

To meet the requirement that numbers in WWI be less than

one in magnitude, some scale factor conventions have to be agreed

upon. It turns out to be convenient to require data with two dif-

ferent scale factors chosen as follows:

Breadths and heights are expressed in feet times om where

ng is chosen so that the maximum breadth is greater than or equal

to z and less than - + It has been assumed that the maximum

height from keel to weather deck is less than one-half of the

maximum breadth (beam). This means that the breadth is less

shan 232, and the height is less than 292,

The length of the ship in feet is first divided by thirty,

and the resultant quantity is multiplied by oF, where p is chosen

so that the quantity is less than one. Since = - 27%, 1t follows

that L &lt;30 - F ¢ FY, The appendage projections are expressed in

feet times 2 F.

Neither of these requirements will actually have to be con-

sidered in supplying the data initially, for the input conversion will

be able to make the proper adjustments on raw data, but in the program

here, which has no input or output program (final design of that part

»f the computer not havine been completed), the assumptions are necessary.
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contents of storage register blocks C, D, E, K, and L

ronstants 21+ 2700

2) ts F12

asm
2 J

8
ER

5) 209-2

1)

2
3

7) ts.
~

8) ca

3) Le

10) 27°

11) =
5

12) =

o1) 21.2?

22) 1.2710

23) O

-15e?24) 2

25) ca H3

26) U4 «o~1b
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C31) ca 0

712) ts C

33) 1.2700

14) ca X1

35) mr 615

36) su DH1l

37) 17+ 2 2(=q)
38) ca V15,16 (=ca Vk 5q_-1)

39) srl

all D registers are

temporary storage

1J
1

or temporary

&gt;) a,

3) forward appendage projection

4) forward appendage area

5) after appendage projection

5) after appendage area

L, ol
3)

Wd

3)

LC.

11)

12) =

13) Ig

14) wv

~2p-10

15) KB
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D 21) (B1,0 — HO + 213) - 2° 2D

22) hy- hao
23) Aw.

2h) 4

25) partial sum of interpolants

21) temporary

32) temporary

33) u,

3h) t,

35) uw, 3

30) ty

37) Au.

38) 3.

39) EY)

10)

11) Av
’

ry

112)

appendage shape factorg——
values given are for
triangular bow and para-
holic astern

a 1) L.o? ship length
30

2) gq =D difference between scale factors

5)
tS

3
y

forward area

A 3? aft area

3. forward Log,
aft I. 5

y forward moment = 2

Z -__
— aft moment x 2
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forward Ig
. -

11. An=*
-

aft Ig
"~
”

=a12) hy,

Specialized Lagrange
coefficients:

1.1)
2,1
351
1.2
2.2initial interval, with

l,1,1 spacing J

Lr

2,
Ty
Lyi,
2,14)
3,4)

£11
intermediate interval,
vith 1,1,1 spacing

1,1)
2,1
3:1
L,”
2;

&gt;
i
l,l)
2,4)
2.0)

X 1,1)
. III

intermediate interval, 2,1)
with 2,1,1 spacing 211

5 -
.

J
ay

2,
’

+
3

77/128

aR so» ee 15/128

 ee 15/16
shee « +. 135/108

. » «=5/16

nae «oo o=27/108
1/16

 5/128

5/16

\

-7/128
) e oo o =1/16

105/128 * @ oo o 5/128

tes 9/16
en . . . 35/128

, . 9/16

sine «+o 2105/128
.=1/16

7/128

\

J

~7/512
: -1/64

Sr8lsia . a. =5/[51z
; . 30/64

\igjsio e + « o110/512
. + + JU40O/EN

rlsio « « « Julo/m12

=5/64

J

.

-

.=33/512 |



Intermediate interval,
with L,1,2 spacing

relative distance from mid-

ship station to station J.

Koo 1,1)
IV 50)

351)
1,2
2,7

2,

1,1)
2,1)
551
1,2)
2,2
Syn
ty %
2,7

-

"
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Vl - Program Orders

The orders which make up the program, 758 in all, have

been arranged in blocks corresponding to the blocks of the flow

iiagrams (Figures 12, 13, and 14), and a discussion has been placed

beside each block in an attempt to show generally the purpose of

shat blocks The single lines are intended simply to help separate

the blocks, while the double lines indicate a logical break in the

flow.



I'o carry out integrations over some one waterplane

starting at the base, the breadths at each station
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1.01 ca B1,0

02 ts Fl

for the chosen waterplane are stored in a block of

storage registers assigned for the purpose. In

this manner the breadth at any station is at a defi-

nite storage address regardless of which waterplane

is being considered, and the addresses of the

breadths appearing in many orders throughout the

succeeding blocks do not have to be changed when

the waterplane is changed. Rather than to store a

separate pair of orders to transfer each of the

breadths, &amp; short cycle is used, in which only one

breadth is transferred and then the orders are modi=-

Fied, another transfer carried out, and so on.

The addresses of the orders in block 1l. are each

nodified. The separation (i +1) between B1l,0 and

B2,0 has been set at 21 registers, so 21 - o~35 is

stored in Cl.

Since 11 stations will be assumed for this program,

when F1ll has been filled the small cycle will be

2.01 ca 1.01

02 ad Cl

.03 ts 1.01

O04 ao 1.02

3.01 ad C2

02 ep 1.01

complete, The ao order in 2,04 will leave the negza~-

tive of the contents of 1.02 in AC, and when ts Fl?

from C2 is added the quantity 12~{(j+l1l), or 11-3 will

be in AC and will be positive until the process is



Page 53

complete, Therefore, the cycle is repeated

lf the quantity in AC 1s positive.

¥hen block 5. has been passed, the flow must be

directed along one of four paths. Hence the

4.01 as 7.01

02 td 6.01

proper address (7.01) is sent ahead to the sp

order in 6.01

I[t is quite possible to carry out a Simpson's rule

integration by using &amp; cyclic process. However,

close inspection discloses that if, in the integra-

tions in which some contributions are negative and

others positive, the terms are combined in a chosen

order rather than straight from front to back, as

they would be if a cyclic process were used, goads

factors can be held at closer tolerances than would

stherwise be possible, These integrals, being the

lifference of nearly equal fore and aft moments, are

particularly vulnerable in any case. The order in

which the terms of the sum are combined here was

chosen to improve the scale factors as much as pos-

sible in the integration of moment and moment of

inertia about the midship station. Notice that if

the magnitude of the contents of Fj is less than ©

for all j, the summation goes through regardless of

5,01 ca Fl

.02 ad Fill

«03 sr 2

LOU ad F2

«05 ad F10

06 ad F6

«07 sr 1

.08 ts Dl

«09 ca F3

10 ad F9

11 ad F5

12 ad F7

«13 sr 1

.14 ad FY

«15 ad F8

16 sr 1

+17 ad Dl



the sign. When the moment integral is to be de~

termined, the registers ¥l, 2, «+.y 11 will contain,

respectively, at most (positive maximum) 15, 12, 9,

5 3, 0, 0, 0, O, Oy 0, each multiplied by ot or =.

The situation arises because the breadths are less

than §, and each of them is multiplied by £ times &amp;

moment arm of 5, 4, 3, 2, 1, 0, wl, «2, =3, «li, «5

respectively. By carrying these values through the

calculation as programmed, it will be seen that the

Pasye 50

5.18 mr El

contents of AC can never exceed one. A similar analy-

sis can be carried out for the moment of inertia inte-

gration. A factor of 22 is introduced in performing

the summation.

The single sp order which directs the flow to the 6.01 8D Fe
JuLLy—

proper place receives different addresses from

hlocks |TH 13., 19., and o6.

Before the appendage area can be calculated, the

result of the summation done in 5. must be removed

from AC, Since the length of the projection for-

ward of F.P. for the 3th waterplane is stored in

Jol, the projection aft of AP, is in J,1 end the

shape factors for the fore and aft areas are in E3

and EY respectively, the appendage area is easily

7.01 ts D2

.02 ca E2

.03 td 7.07

LOU td 7.15

«05 ca J 50

.06 mh C3

O71 el [——



computed. The scale factor for the appendages

must of course be made to coincide with that of

the main area. The area has a factor of 2 &amp; in-

troduced from the breadth, 2&gt; from the length,

and 22 from the Simpson summation, while the ap-

pendage area will have 22 from the breadth and

2"% from the length, so the appendage area must be

miltiplied by 2%, Now, q-p must be positive.

(The fact that b I&lt; while ts , 27x 2 yields
L_.5Ps oy. 2 or i - L and it is reeson-

&gt; 1 Pap
able to assume P&gt;%5 -L, so 30 &gt; 55° and there-

fore g=p~1&gt; =1, or g-p&gt;o.) The quantity g-p

(which is data) is stored in E2, where it is avail-

able to control shifting the appendage area, and

since gq~p is positive, the shift is to the left.

It is desirable to have the contents of Jel» milti-

plied by 29"P~5  tored in a temporary register for

use later in calculating the moment appendage. There

fore, this value is obtained first. The factor 7

is later corrected to 2° by a shift left. The P°

is introduced by multiplying instead of by shifting

to prevent losing figures through roundoff. It is
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{.08 ts D3

»09 mr E3

»10 mh Fl

11 sl 2

.12 ts DL

13 ca JC

14 mh C3

» 1h Bl =

 16 ts D5

17 mr E4

18 mh TF1l

19 sl 2

.20 ts D6

,21 ad Du

22 ad D2?

permissible to 2dd the appendage area directly to the

main area if the appendaze area is always less than

1th of the main area. (The main area is less than
15
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the maximum length times the maximum breadth

times the scale factor o~4"P-3 » hence

2 &lt;(30 - 22) (218)(27Pd)=30270=22.)

For convenlence in forming sums later, the area

is shifted right once before being stored for use

In the volume integration. Since the area is needed

8,01 sr 1

.02 ts AQ

.03 ts D2

again in block 22., it is also stored in a register

whose address is changed between cycles. The scale

factor is a and

The quantity tons per inch is easily formed and

stored, with a total scale factor of aPHh by
8

2
multiplying by [55 from Cl.

The j°2 breadth is cubed and, since the breadth

is less than o~2 and its cube therefore less than

6 a factor of oH is introduced. The net result

-—
Ils still less than 2 =.

9.01 mr Ck

02 ts TO

10.01 ca Fl

02 sl 2

.03 ts Dl

 04 mr D1

.05 mh D1

,O6 sr 2

O07 ts Fl

The j index in 10. is increased by one. 11.01 8 10.01

,02 80 10.07



The quantity J = ls checked, as in 3., and the

cycle is repeated if necessary.

Phe proper address is sent ahead to 6., making

use of the td 6.01 already stored in 4.02, and
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12.01 ad C2

,02 ¢p 10.01

13.01 as 14,01

,02 sp 4.02

after 4.02 the flow proceeds to 5.

The shape factor is stored in E5 and E6, and multi-

plication by the projection from D3 and by the cube

of the breadth from Fl yields the appendage moment

of inertia about the centerline, The main integral

has a scale factor of o~3ati-p~3 and the appendage

has a factor F3atto=5 so that the appendage must

ve multiplied by 2-. The total factor is 2 SL P'l

14.01 ts D8

.02 ca Ef

«03 nmr Fl

O04 mh D3

05 81 2

.06 ts D1

.07 ca Eb

.08 mr Fll

.09 mh Df

«10 sgl 2

.11 ad Dl

12 ad D8

The result is stored.

I'o prepare to integrate the moment of area, the

jth breadth times 22 times the fe moment arm is

stored in Fi.

15.015 ts I..0

16,01 ca Bl1,0

. 02 sl 2

&gt; 03% mr Ll

O04 te Tl



The j index in 16, is increased by one, as in 2.
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17.01 ca 16.01

02 ad Cl

.03 ts 16.01

.04 ao 16.03

,05 ao 16.04

The quantity J —d is checked, as in 3., and the

cycle is repeated if necessary.

The proper address is sent ahead to 6., using the

td 6.01 order already in 4.02 and the flow pro=-

reeds to HA.

The moment integral is multiplied by = .p7Pr2 to

convert the relative distance factors which were

taken from Lj to actual distances. The appendage

moment equals the appendage area multiplied by the

moment arm, and the moment arm is = Plus the pro-

jection times a suitable shape factor. The appen-

dage area is stored in DU and D6, the projection

in D3 and D5, twice the shape factor in E7 and ES,

and the value = results from multiplying = oP
stored in El by 15° I stored in Ll. The scale

factor will be Sp ‘The nrojection has a factor

of 27D and the factor of 2 in the shape factor

18.01 ad C2

.02 cp 16.01

19,01 as 20.01

.02 sp L.,02

20.01 mh El

02 sl 2

.03 ts D9

04 ca Ll

«05 mr El

06 ts D7

«07 ca EJ

08 mr D3

.09 ad D7

10 mh Du

11 «1 LU

12 ts D10



gives the product also a factor of 2 PH, The

appendage scale factor, allowing for the 2=9~P-3

in the appendage area, is p~a=ep= To match this

with the pat 2=li=2p-3+2 belonging to the main inte-

gral, the appendage is multiplied by ot, The total

scale factor 1s then p™4-2p=3 which still leaves

the moment less than = (The moment must be less

than P-L times the area, or the center of flotation

would be outside the ship. Since m&lt;2P 1a, it fol-

lows that 2 4~2P= 3, cma, &lt;3 .)

he moment is stored.

Page 65

20,13 ca ES

«14 mr D5

.15 ad D7

.16 mh D6

.17 sl U4

»18 ad D1C

,19 ad Dg

21.01 ts MO

0? ta D1

The center of flotation is formed and stored. The

moment is less than the area as discussed under

block 20., so the division is permissible. The or

ler sl 15 must follow the divide operation to shift

22.01 dv D2

° 02 sl 15

«03 ts MEFO

OL ts Dill

the result into AC. The total scale factor is

a= q-2p -3 _ spt 1
~q=p=l

The breadth times moment arm stored in Fj is multi-

plied azain by the moment arm to prepare to find

the moment of inertia about the midshif station.

The maximum values of the breadth times the square

23,01 ca Fl

yur? mr Ll

«3 sr 4

04 ts Tl

»f moment arm are such that a factor of 5 must be



Page 66

introduced to permit integration to be carried

sut according to the plan followed in block 5.,

hence the sr 1 order. The scale factor of the

breadth times the square of the moment arm is

-qta-L-l-1

The j index in 23. is increased by one. 24,01 ao 23.01

.02 ao 23.02

.03 ao 23.04

The quantity J =J is checked, as in 3.,, and the 25,01 ad C2

~vcle is repeated if necessary. ,02 cp 23.01

The proper address is sent ahead to 6., using the 26.01 as 27.01

02 sp 4.02td order in 4.02, and flow proceeds to RH.

The result of the summation is multiplied by 27.01 mr El

(350° in order to convert the relative moment 02 mr El

arm (squared) into actual moment arms The moment .03 ts D10

of inertia has the scale factor pate=li-h~1-3-p-2p O04 ca D7

Er The appendage has two terms, namely .05 mr DJ

Tr (5 is still stored in D7 with a scale factor of 06 ts D1?

m=) and the shave factor (stored with a factor .07 ca D3

of 2) multiplied by the appendage projection squared 08 mh D3

(a factor of 52(-p-5)y so a factor of 2 is introduced
. 09 al. 1



in the latter term and both terms are multiplied

~q-D~3by the appendage area (with a scale factor 2 )e

When the appendage scale factor is corrected by

multiplying by 2, the appendage scale factor be-

comeg 2 3-3P~10
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27.10 mr E9

.11 ad D12

.12 mh D4

13 sl 1

14 ts D1

«15 ca D5

.16 mh D5

17 sl 1

.18 mr E10

«19 sad Dl12

.20 mh D6

21 81 1

.22 ad Dl

23 ad D10

The quantity Igi is stored temporarily.

("1)° oy
The scale of a y formed by multiplying a,
from D11 by m, from D9, is p"Ftl-q-2p-3 _

5~973P-2 ile the scale of Ix, from D10, is

p~73P10 (i nsequently, Co)” is multiplied
by 27° by shifting, and Iois added (since both

terms are positive their difference cannot ex-

1
ceed one). The factor TopT 1s obtained by di-

viding we + 27P (stored in El and known to be 23)

28.01 ts D10O

29,01 cs Dll

.02 mh D9

.03 sr 8

O04 ad DlO

.05 tg D110

.06 ca Cll

.07 dv El

.08 sl 158



10

into To (stored in Cll and obviously &lt;=), form=-
in 230, pti orcal The otuct of this

€3150 L © 120 L° P
quantity and the difference formed above is the

moment to change trim one inch, with a scale fac-

-q-7p- + -q-

tor of 2790p 1G+p 12 . pma-2pt2

In repeating the cycle, addresses referring to

stations which have been increased during the cycle

must be restored, and addresses referring to water-

planes must be increased to the next waterplane.

[In the case of Bj,1, the address must be changed

from B 11,1 to B 1,i+l making use of the relation

B 11,1) = 210t1 = (B 1,1) +1 = (B 1,i+1), so the

sonstant 209 is stored in C 5 and is subtracted

from B 11,1.

Fage A

29.09 mr D10

»10 ts MT O

70.01 ca 1.01

.02 su Ch

.03 td 1.01

O04 td 16.01

.05 as Fl

06 td 1.02

.07 td 10.01

.08 td 10.07

.,09 td 16.04

.10 td 23,01

J11 td 23.0u

.12 as Ll

.13 td 16.03

14 td 23.02

15 ao 7.05

.16 ao 7.13

.17 ao 9.02

12 an 15.01

19 ao 21.01
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30.20 ao 22.03

.21 aso 29.10

To determine whether or not to repeat the cycle,

integrating over the next higher waterplane, it

is necessary to determine whether the last water-

plane has been done or not. The quantity —(ts Ai+l)

is in AC as a result of 30.22. To this is added

, 22 ao 8.02

31,01 ad Ell

,02 ead C7

.03 cp 1.01

Antl and then ts 0, leaving the quantity n-i in AC.

If this quantity is positive, the cycle is repeated.

An is needed in 35. and 53. also; otherwise ts(Antl)

vould have been stored in Ell instead of simply Antl.

The distance between two successive waterplanes is

formed and stored, starting with the bottom two.

The factor g stored in C6, called for by Simpson's

32.01 ca Hl

«02 su HO

. 03 mr C6

rule. is multiplied in at this time for convenience. .04 te DH1

The 1*® waterplane area is multiplied by its height

(moment arm) and the product is stored. By storing

a zero in GO the base waternlane is automatically

taken care of. Since the contents of Hi is always

-less than 2 “, a factor of 53 is introduced.

33,01 ca Al

.02 mh Hl

.03 sl 2

O04 ta G1



The two blocks above must be repeated until all

waterplanes have been covered. Therefore, addresses

referring to waterplanes must be increased

The quantity ~(ca Aitl) is in Ac as a result of

34,06. The operation code portion is removed, by

2dding ca O from C8, and the quantity Antl stored
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34,01 ao 32.01

.02 ao 32.02

.03 ao 32.04

04 ao 33.03

.05 ao 33.02

,06 ao 33,01

35,01 ad C8

.02 ad Ell

+03 cp 3%2.C1

in Bll is added, forming n-i. If the quantity is

positive the cycle 1s repeated.

Two successive values of Ah are subtracted to dee

termine whether or not the interval length has

changed, A small quantity stored in C9 is sube

tracted to prevent roundoff in the initial values

30.01 ca AH?

«02 su AH1

.03 su C9

O04 cp 39.01

&gt;of h and the formed values of Ah from mocking a

zero result have a positive remainder and appear

positive, If the higher interval is larger than

the lower one, it follows that the bottom point

of the three point integral to be formed should

remain at the value it had durinzs the last inet

gration, whereas if the two intervals are equal,

the bottom point is to be moved up one or two

notches.
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fhether to notch the bottom point up once or twice

depends on whether the bottom point was formerly

the first point below the middle point, or whether

it was two points below the middle point. This is

37.01 ca AHL

02 su AHO

«03 su C9

 O04 cp H4.01

determined by finding whether the two intervals be-

low the top one are equal (in which case the first

cage obtains) or unequal. Initially, the question

which this block asks is meaningless, since there

is no ah . Therefore, zero is stored for AHO so

that the comparison will always be positive.

The bottom point is moved up one notch. 28.01 ao 39.01

.02 ao 41,01

.03 ao LL4.01

.O4 a0 L601

.05 ao Ug.01

.06 ao 49,01

Since the waterplane areas stored in Ai are all

less than 1 (see block 8.) the integration can be

carried out directly. The initial three points

are 0, 1, and 2, but the address in 39.01 will be

39,01 ca A(=2)

02 ad A2

03 sr 2

JOU ad Al

increased twice (since the initial comparison in

block 37. will be positive) so that the correct ini-

tial address ie the apparently meaningless A(=2).

A scale factor of o~2 is introduced in forming the

Ulla



The area sum is multiplied by the Simpson coef-
h

ficient 5 - 27% giving a total scale factor of
—~G=Del}) = - we 2 (=eo(-amp=)=2¥1-q | "240-5 gy 00 the total
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40.01 mh AH?

, 02 sl 5

volume of the ship is less than the maximum breadth

times the maximum length times the maximum height
-2)+ +( g—-of the ship, or 2 42H (E¥5)*+(a-3) |. 2atp po

volume may be multiplied by 22, giving a total fac-

tor of 2 ca~P,

The volume up to the bottom point is added to the

volume resulting from the integration. The initial

contribution must be added to the volume up to the

base which of course is zero, and since V(0) would

41,01 ad V(=2)

02 ts V2

.03 ts Dll

logically contain the volume up to the base, V(0)

contains 0, However, before the present block is

reached, the address in 40,02 will have been inw-

creased twice (asa result of block 37.) so that

V(=2) is the proper initial address. It is agsumed

that the third and fourth intervals are equal and

that each is twice as large as either of the bottom

two, which are equal. Hence, on the second time

through the cycle, the comparison in 36. will be

positive, and on the third time, 36. will be nega-

tive and 37. positive. The contents of V1, supposedly

the integral up to first waterplane above the base,



Page 73

cannot be calculated by Simpson's rule, but the

contents of V1 is immaterial since the restric-

tions just mentioned prevent the contents of V1

from ever being used.

J

Ihe volume (still in AC) is multiplied by 5

from C12, forming the tons of displacement in

42,01 mr C12

02 ts A?

salt water. The factor 35 is exact, since a

displacement ton is by definition 35 cubic feet.

-2q-The scale factor is 2 23 Po

I'he fresh water displacement is found by multi-
5

plying the volume by = from C13,

The moment is less then 5 (see discussion under

block 20.) so that the sum can be formed directly,

introducing a factor of oe, The initiel addresses

are chosen as in 39.

Ihe moment sum is multiplied by the Simpson coef
h

ficient 2" giving a total scale factor of
-q=2p-3-2%]1- ~20q-27—

oma72p-3-2H-q _ -29-2p-k go en M, 1s divided

43,01 ca Dik

02 mr C13

Wi,01 ca M(=2)

02 ad M2

» 03 sr 2

Olu ad Ml

45,01 mh AH?

02 al 1

ny the volume, the result is 3B (horizontal distance

from the center of bouyancy to the midship station),
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and this is not likely to be greater than 3

+3the length of the ship, or 2° -. The scale fac—

Dg
tor associated with the volume is 27% P, There-

fore, a factor of 2 can be introduced into Mi»

ziving a total scale factor for XB (when formed)

of o~P-3

The value of My up to the bottom point is added

to the quantity resulting from the integration.

46.01 ad M, (=2)
.02 ts M.2

For a discussion of the initial values, see block Ul.

The division by the volume can safely be carried

out (see the discussion under 45.), and the result

ls stored as indicated, with scale factor o~P=3

The product of area times height of the 1 3B wvater-

plane (with a scale factor of o~2a-p-1y is in Gi

as a result of 33, The area was less than : and

hence these terms are less than 2 and can be summed

directly. The result is multiplied by the Simpson

coefficient &gt;t This moment My» when divided by

the volume, yields KB, the height of the center of

bouyancy above the base, a quantity which cannot be

sreater than the height of the ship, or 29°. The

47.01 dv D1Y

02 sl 15

.03 ts HB2

48,01 ca G(~=2)

.02 ad G2

,03 sr 2

Of ad Gl

.05 mh AH?

.06 sl §

factor associated with M_, before shifting left, is
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y-2arp-l-2H- a p=3eP-2 and after division

by the volume the factor would be o~3a=p-2-(~-2q~p)

= 2742, Hence M, cen safely be increased by 22

yielding a total scale factor for KB of 5=at3

when KB is formed later. Initial addresses are

chosen as in 39.

The value of M, up to the bottom point is added

to the quantity resulting from the integration.

49.01 ad Mp (=2)
.02 ts M2

for a discussion of the initial values, see block

11.

The division by the volume can safely be carried

ut (see discussion under block 48.) end the re-

sult is stored. with scele factor 5=qt3

1

A reasonable maximum of BM = == is about 7 times

the height of the ship, or L + 2%, The result of

the division, without shifting, would have a scale

factor of o~3a-pt1-(-20-p) = oT 5 that a fac-

tor of 2 ~ must be introduced into I, before di-

vision. In order that XB (which is in AC as a re-

sult of block 50.) can be added to BM, kB is multi-

we
plied by 2 “7, giving it the proper scale factor end

50,01 dv Dib

02 81 15

0% tg KB2

51.01 sr 3

.02 ts D15

.03 ca IoC

04 sr

.05 dv Dill

06 sl 15

.07 ad D15

7

08 tg KM?

at the same time assuring that it is less than &lt; 20
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it may safely be added to the i which is the maximum

of BM, The sum is the quantity KM, with a scale fac-

tor oq

The various addresses which depend on the water

plane chosen are increased by one in preparation

for the next cycle,

52.01 ao 36.01

.02 ao 36.02

.03 ao 37.01

O04 ao 37.02

.05 ao 39,04

.06 ao 40,01

.0] ao L1.02

.08 ao Lu2,02

.09 ao 43,03

«10 ao U4, 02

«11 ao L4,04

.12 a0 Us5.01

13 ao U46.02

14 ao 47.03

.15 ao 48,02

.16 ao Lg,0u

.17 ao Uu9,02

.18 ao 50.03

.19 a0 51.03

20 80 K1l.08

21 ao 39,02



Exactly as in 35. the quantity n-i is formed, and

If the quantity is positive, the cycle is repeated.

If negative, the program proceeds to block 55., on

Flow Diagram II,

The orders appearing in block 38, are duplicated

here, and flow is returned to 38, It would Ye pos-

sible to use this block to direct the flow through

38, twice, avoiding a repetition of orders here,

but the number of "red tape" orders which this pro~-

cedure would entail is only one fewer than the

number of duplicated orders.

The addresses of the temporary storage registers

X and W are changed throughout the program which

follows, and these must be restored to their ini-

tial values before starting the program, Certain

addresses which refer to the particular station

involved must be increased to provide for pros

oressing from one station to the next,
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53.01 ad C8

.02 ad Ell

.03 cp 36.01

04 sp 55.01

54,01 a0 39.01

.02 a0 k1,01

.03 ao LL, 01

04 ao U6,01

.05 ao 48,01

.06 a0 Uu49,01

.0] sp 38,01

55,01 as Hl

.02 td 56.01

.03 as X2

OU td 62.02

.05 as We

06 td 63,05

.07 as X3

.08 td 66.01

09 as W3

10 td 69.05

«11 ao 56,02

12 a0 59.15



To determine the position of the deck at the 39

station relative to the given waterplanes, the

iifference between the height of the JB wat er-

Page 7 RZ

56,01 ca ==

»N2 su DHO

03 cp 58.01

plane ( initial value coming from 55.) and the

height of the deck, given in DHj (Jj is increased

by 55. so the correct initial j is 0), is formed.

[f the result 1s positive, the waterplane is above

the deck, and the program proceeds to 78.

[f the result of the above was negative, 56.01

ls increased to the next higher waterplane and

the comparison is repeated.

D21 contains initially the number (B1,0 - HO -

20) 535, Its contents is increased by 2 from

021, making it contain always Bl,0 ~ HO + 2(j=1).

To this quantity is added the value of Hp, which

is the address of the height of the first water-

plane above the deck, determined just above.

This gives the address Bj,p in AC (together with

the ca operation code symbol which was in 56.01

sat which is not significant). The address is

sent to 58.16 where it is used to send the actual

ship breadth (which ig stored in Bj,p) to X1 for

use in the integration program later. The address

57,01 ao 56.01

,02 sp K”6.01

h8.01 ca C21

.02 ad D21

.03 ts D2l

.O4 ad 56,01

«05 td /8.16

.06 su C22

.07 td 62.01

.08 td 65,01

«09 su (C22

.10 td 65.04

.11 su (C22

.12 td 65.08



then is reduced by one from C22 repeatedly, and

the new addresses, Bj,p~1l; Bj,p-~2; etc. are sent

Page 79

58.13 su C22

14 td 65.12

to the parts of the program where they will be

needed to initiate the interpolation procedure.

The address of the height of the waterplane im-

mediately below the deck is formed by subtract-

ing 1 from Hp, formed in 56., and is sent to parts

of the program where it will be needed subsequently.

Similarly, addresses of the next lower heights are

formed and sent ahead, The value of Ryn is sub

tracted from the actual deck height, stored in DHjJ

(again O is the proper initial value since j is

increased by 55.), the result is mltiplied by 2°

and sent to W1 for use in the integration program

later,

15 ts Xl

59.01 ca K6.01

.02 su C22

.03 td 63.01

O04 td 64,01

05 td 74,03

06 su 022

.07 td 64,02

.08 td 74.01

.09 td 75.03

10 su C22

.11 td 74.04

12 td 75.01

13 su C22

Jd td 75.08

.15 ca DHO

16 su E21

17 sl 2

18 ts Wl



The address 71.01 is sent to 70.01 to direct the

flow properly, since this will be the first tra-

Pace 20

60.01 as 71,01

02 td 70.01

versal of the interpolation program and special

procedures must be used for interpolating between

the initial two points.

The first interpolation must be carried using the

initial interpolation coefficients stored in the

block of registers 1,4,m so that K; l,m for m=1,

&gt;, 3, 4, is sent to the 65. group where the in-

berpolation is actually done, It is as simnle

so use the as operation repeatedly &amp;s to add 3

50 K l,m to form K.1, mtl.

61.01 as K.1,1

.02 td 65.02

.03 as K1,2

04h td 65.05

.05 as K;1,3

06 td 65,09

.07 as K.1,L

.08 td 65.1%

The breadth is known (need not be interpolated

for) at every fourth waterplane, but the value 02 ts Swag

must be stored in its proper place in the X block

of registers for use ir the integration later,

The addresses come initielly from 55, and 59.,

and afterwards frem 72.

The height corresponding to the known breadth

above minus the distance from the base to the

assumed KG (i,e., h.~ h,,) is formed, multiplied

63.01 ca —

02 su £1

, 03 sl J
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by 4 by shifting, and stored. Since the distance

from KG to the waterplane is also needed later it

62.04 ts D22

«05 tg

ls stored also in a temporary register, The ad~

iresses come from 55, end 59. initially and from

{2. afterwards.

The addregssés of the 38 and 1-10 waterplanse

heights have been sent initially from 59, end

later from 72., so that Av, the difference

between the ha and 3-18 heights, is formed

directly and stored in a temporary register for

use in forming the heights at the interpolated

points, The velue O (not 1, for a reason given

oLk.01 ca -—-

03 ts D23

04 ca C23

05 ts Doki

below at 67.) is stored temporarily for use as

the index £ in counting the number of interpo~

lations made between two adjacent points.

The actual interpolation is done straizhtforwardly

hy forming the sum of the products of the four

known breadths, the addresses of which were sent

from A8., initielly and later chenged by 77., with

the predetermined Lagrange interpolation coef-

ficients, the addresses of which were supplied

initially by 6l.., later by 76., 78., or 79., and

finally by 81. The accumulated product is possible

65.01 ca =~

02 mr --

.03 ts D25

® ol4 ca wo.

«05 ny eae

.06 ad D25

.07 ts D2”

O88 ca eee



since the coefficients are less than one, and

the breadths less than = so that the sum of

four products is less than one. The result is

shifted left once to compensate for the factor

of z in the coefficlents and left in the ac~-

umnulator momentarily.

Logically important because the index i is

Paze 22

65.09 mr i.

.10 ad D25

11 ts D25

12 ca manao

»13 mr li

14 ad D25

15 sl po-

56.01 ts

~hanzed here but not in 65. after the first

and before the last interpolation, the block

is coded quite simply, the address coming from

55. initially end being corrected from 72.

The quantity Z—2 is formed by the devious route

of forming (£4 ~1)+1-2, since it is desirable to

reep £=1 in storace so that after the index has

nlready increased the numerical velue .Z rather

67.01 ao D2L

.02 ca D24

.03 su C2L

O04 ep 76,01

than Z+1 will be available for use in 69. A

positive result in 67. directs flow to 76., rather

than to 70. as the flow disgram indicates, to take

rare of the initial case (see page Ul. line 1).

The index Z is increased in the required places

hy streigzhtforward application of the add one

68.01 ao 65.02

,02 ap 65.05



cperation.
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68.03 ao 65.09

O04 a0 65.13

.05 ao 66.01

(-./-Aw,) is formed by multiplying the value

of = aw, by Zz o~15, holding full product, and

than multiplying the product by 215 by shifting

left, and 4(h,-h..) is added. The address to

which the result is sent, in the W block, is

provided originally by 55. and later corrected

by 68. and by 72.

This block is used only to direct the flow pro-

, 06 ao 69.05

69.01 cs D23

.02 mh Dah

.03 sl 15

04 ad D22

05 ts Mae _-_

06 sn 65.01

70.01 8p =—

perly after the initial set of interpolations.

Following only the initial set of interpolations,

the program moves from 70. to 71. where a new ad-

71.01 as 73.01

02 td 70.01

dress is sent to 70. in order to redirect the flow

for leter intervolations.

Substituting i-1 for i involves subtracting one

from some of the addresses in 62.. 63%.. end 6.

In places where i sprears with a minus sign, in

n=-1, decreasing 1 by 1 amounts to increasing the

72.01 ca 62.01

02 su (C22

.03 td 62.01

O04 ca E4,02

riven address by four. In blocks 66. and 69.



the address should apparently be increased by

four, but since block 68. (by increasing £ )

has already increased the addressed by two,

they need only be increased by two here, there-

by substituting i-1l for 1 and restoring 1 for

4, both at once.
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72.06 td 64.01

.07 su C22

.08 td 64,02

.09 ca 62.02

10 ad C26

11 td 62.02

12 ca 63.05

.13 ad C26

1h td 63.05

.15 ao 66,01

.16 ao 66.01

17 ao 69.05

18 ao 69.05

19 sp 62.01

Phe index i has not actually been stored separately, 713.01 ca C25

out is available in the form ca Hi, in block 63.

The interpolation just completed has covered the

th th
interval between the i and the i-1 waterplane.

consequently, if i=2, the next interpolation is

.02 su 63.01

,03 cp 80.01

to be the last, while if 12&gt; 3, the intermediate

procedure is to be followed. The guantity 3-i,

which will be negative if i 23, cen be formed in-

iirectly by forming ce E3 —« ca Hi. The quantity

ca H? is hence stored as a constant, and the dif=-

ference is easily formed.
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The choice of the proper interpolation coefficients

lepends on the spacing of the given waterplanes be-

tween which the interpolation is to occur. If the

interval just completed is larger than the one

ebout to be started, block Kr11 of coefficients is

to be used, while if these intervals are equal, the

choice depends on the spacing of the interval about

to be started compared with next interval below it.

Since (h,=h, ,)=(h, ,-h, ,)= -2h, .* h.*h, ., the
formation of the difference of the intervals is con-

74.01 co

02 sl

.03 ad

04 ad  of vam

.05 su C26

.06 cp 78.01

veniently carried out as indicated by the program,

A emall constant is subtracted to make sure that

rounding off the values of h when they were initially

put in the machine cannot cause a zero result to ap-

pear to be vositive. If the result is truly positive,

the subtracted guantity is too small to have any ef-

Fect.

I'he next two intervals are compared, as in Tu.

Since the small negative quantity remained in AC,

it need not be subtracted azain. Block 76. has

reen moved to a new position (see block 67.), so

flow is directed to 77.

75.01 su ==

02 sl

.03 ad

 Ob ed

.05 cp 79.01

06 sp 77.01
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Since all three intervals were equal, the equal

interval coefficients in block Ki: are to be

used in the interpolation, and the values of

K 1m for n=l, 2, 3, 4 are sent to 65. As

is mentioned under block 67., this block be

longs ahead of block 70., so flow is directed

0 70.

76.01 as Ki 11

.02 td 65.02

.03 as K..1,2

O04 td 65.05

.05 as K;.1,3

.06 td 65.09

,07 as K (1b

.08 td 65,13

,09 sp 70.01

Decreasing 1 by one is &amp; laborious but straight-

forward process of subtracting one from the ne~

cessary addresses. By choosing an address alreedy

ontaining i-1 instead of choosing one containing

ij, the first subtraction can be avoided. From

here the flow must always proceed to 72., hence

the sp operation at the end.

77.01 ca 65,04

.02 td 65.01

«03 su (C22

04 td 65,0L

.05 su C22

06 td 65.08

.0 su (C22

.08 td 65.12

.09 ca 74,01

.10 td 74.0%

«11 su C22

12 td 74.01

13 td 75.03

C14 au 022

15 td 74.04
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77.16 td 75.01

17 su C22

,18 td 75.04

, 19 SP 712.01

If the comparison in 74. was positive, the coef-

ficients designed for the spacing 2, 1, 1 must

be used in the interpolation, and the values of

K bom for r=1, 2, 3, 4 are sent to 65. From

here the flow must always proceed to 77., hence

the sp operation at the end.

78.01 as K; 1,1

02 td 65,02

«03% as Kipple2

Oh td 65.05

«05 as Kiy1d3

.06 td 65.09

07 as Krpplob

08 td 065.13

,09 sp 77.01

If the comparison in 75. was positive, the coef=-

ficients designed for the spacing 1, 1, &gt; must be

used in the interpolation, and the values of

K, Lom for n=l, 2, 3, U4 are sent to 65. From here

the flow must always proceed to 77., hence the sp

speration at the end,

79.01 as K..1,1

02 td 65.02

.03 as K 1,2

04 td 65.05

05 as Koyls3

06 td 65.09

.07 as Kiglsl

.08 td 65.13

09 sp 77.01



At the beginning of this block AC contains the

positive quantity 32-i since 80.01 can be reached

only by the cp operation in 73. Now if i=2, there

Page 88

80.01 ad C22

02 cp 82.01

is a finel interpolation to be made, while if

{1&lt;2, the interpolations are complete, so that

2-1 must be formed, by simply adding one to 3-1

already in AC.

Ihe final interpolation coefficients must be used

in the interpolation, and the velues of K, l,m

for ==1, 2, 3, U4, are sent to 65. From here the

flow mist always proceed to 72., hence the sp

nperation at the end.

81.01 as K.1,1

.02 td 65.02

.03 as K./1,2

O04 td 65.05

05 as K.1,3

.06 td 65.09

07 as K.1,k

,08 td 65,13

,09 sp 72.01

Since the last interpolation has been done, the

nottom of the ship has been reached. The values

nf breadth and four times the distance from XG

(which in this case is simply ~lih,.) miet be stored.

Ihe address Bj,0 can be obtained from 65.12, while

X(U4n=) and W(Lhp-6) are in 62.02 and 63.05 so that

X(4p=2) and W(lp-2) are easily formed.

82,01 ca 65,12

.02 td 82,09

.03 ca 62,02

O04 ad C26

.05 td 82.10

.06 ca 63.058

,07 ad (C26
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82,08 td 82,13

«09 ca werSpits

.10 ts a

11 «cs E21

32 sl )

13 ts

From the height of the deck (in Wl), and of the

subsequent interpolated waterlines (in W2, etc.)

and the corresponding breadths (in Xl, etc.) it

ls a simple task to calculate the rotated coordi-

nates of the points 2long the right-hand side of

the ship section.

1 =
0

sino + w cos®©

&gt; + cos ~» w sinh
-~
i

Since the values of w were given a scale factor

of of when they were formed, the value of &gt; must

he multiplied bv of to match, hence b is rulti-

plied by 2.

83.01 ca Wl

02 mr &amp;'l

.03 ts D3l

OU ca Xi

05 sl 1

.06 nr ol

.07 ad D3l

.08 ts D33

09 ca Wi

.10 mr @&amp;1

.11 ts D32

.12 ca X1

13 sl 1

1h mr &amp;'1

 15 su D32

.16 ts DIL



Before any trapezoidal integration can be carried

Page 90

84,01 sp 85,01

out, it is necessary to have two points, i.e., to

have a point with index 4-1 as well as &lt;, so the

initial procedure is different from the succeeding

cycles of the program. The sp order will be modi-

fied from 85. and restored from 112.

The ep order in 84, is modified as required, and

the initial values of u, and t, are relocated in

storage so that they become uw, , and t,1

85.01 as 87.01

.02 td 84,01

»02 ca D373

04 ts D5

05 ca D334

06 ts Dib

In a similar fashion to the procedure used in 83.,

Lne coordinates of the points on the left-hand

half of the ship section are calculated and stored.

In the initial cycle (i.e., when this group is

reached from 85. rather than 106.) the first values

ff u, and t, were calculated on the right-hand

ship, so that the effect is tn span the deck of

the ship, which is assumed flat.

] =

—

sin@ + w cos®

coal - w in= i

2

Phe factor 2 is introduced into the breadth as in

26.01 ca Wl

02 mr &amp;'l

03 ts D3l

04 cs X1

05 1 a

,06 mr ol

.07 ad D3

.08 ts D373

.09 ca Wl

10 mr @1

.11 ts D3?



block 83.

Pace 91

86.12 cs Xl

13 sl 1

14 mr o'1

15 su D372

,16 ts D34

[n preparation for the trapezoidal integration

(or the possible linear interpolation) to follow,

the length Au, along the vertical CC' between

the two is determined directly.

Since it is desired to integrate only down to «

lesired waterline, it 1s necessary to know whether

the new point , 1s between the same waterlines as

the old point w,,orf not. It is first compared

with the desired line immediately below Uy qe Ini~

tially LY is at the deck of the ship on the right-

nend (upwards) side, and is consequently nearly (at

least) the highest point on the ship. It may

reasonably be assumed to be above the hizhest de

87.01 ca D332

.02 su D325

,03 ts D37

g8.01 cs D33

.02 ad WLq_-l

«03 ep 6G7.01

sired waterline, the value of which is in WLq -~1.

lo make group 89. follow 88. properly, the compari-

son 1s reversed from that shown in the diagram,



Paralleling the procedure in 88., the value cf

1,is compared with the desired waterline imw~

mediately above u, qc The value stored in WLq

ls higher than u, can possibly be, namely 1-273.

Since u, -

propriate address for such a case is sent aheed

to 96.

I'o prepare for the trapezoidal integration, the

sum of the two breadths ty + toa is formed and

stored, with a factor of
=

2 introduced since %,

nay be greater than : and the sum therefore

rreater than one.
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89.01 cs WLa,_

02 su D373

02 cp 101.01

90.01 as 103.01

,02 td 96.01

91.01 ca D34

 02 sr

03 ts D31

.O4 ca D36

3

.05 sr

.06 ad D131

07 ts D738

The area of the trapezoid is formed from

+

2
ne » By choosing 17 waterlines it

seems safe to assume that the area between

any two desired waterlines will not exceed T

»f the maximum height since 2b&lt; = and L4w&lt; £

both t and u nmst be € .6, so that £- (nex. u)

(max. t)- : Thus a scale factor of 2° could

92,01 ca D38

mh D37

. 03 |r 2

oe introduced into the area, but because it is



Pace 92

to be integrated, to form the volume, over

l1 stations, with the sum of the Simpson

coefficients equal to 30, a scale factor of

&gt;"&gt; is also called for. The factor : called

for by the trapezoid rule has already been

introduced into £t, . Consequently, the to-

tel multiplier is 23. 27. c= 2%, (e, being
the Simpson coefficient). For the initial

case, c= and its later values are supplied

from 124., 126., 127. Actually, of course, c,

appears in the number of shifts in the sr or-

ler. Since the result is used immediately, it

is not stored.

The contribution of the 2th trapezoid in the

joB station is added to the accumulated total

volume between the 4B and {gwd YB desired

vaterlines at the nas anzle of inclination.

The moment of the area is simply the area times

L the moment arm, which is in turn Z5t . Con-

sequently, the moment = i (x st y2 Thi
* 2 2 2 ‘A Uy ° 8

1 2 1 -5
product is &lt;&lt; (.6)7(.6)7 &lt;2 = so that a factor

nf 56 could be introduced into the moment of the

93.01 ad Vl,q

02 ts Vi,q

94.01 ca D37

,02 mh D338

.03 sl

LOL

2

mh D38

. 0H er 2



Pooe 3)

area, but again a scale factor of 2™ is

necessary to allow for the volume of inte-

sration, so that the scale factor is ot,

The multiplier is then 2 Be 4» Two shift

sperations are necessary so that the second

&gt;ne, used for Cys is the same as that used

in 92.

As in 93., the new contribution is added to vhe

moment integral.

Depending on whether the trapezoid includes a

95.01 ad Ml,q_

02 ts Ml,q,

96.01 ep =~

desired waterline as its upper limit, its lower

1imit or not at all, the program proceeds to

108., 107., or 103. respectively, the addresses

nevinz come from 10l., 97. or 90.

-

———

Since the new point has gone below a desired

vsaterline, it is necessary to form the inte-

97.01 as 107.01

02 td 96.01

crals up that waterline first, and then inte-

crate from the waterline to the new point by

repeatinz the cycle, First the proper address

mist be sent to the sp order in 96. to direct

the flow for this case.



The desired waterline takes the place of u,

for the time being. The waterline address

ls modified from 107.

The length of the interval from uw, 1 to the

waterline is formed. Linear interpolation yields

the value of t at the waterline (ty). The com

parisons in 88. or 89. leave no possibility that

the interval from vu, , to the desired waterline

ls greater than or equal to Au, y so the di

vision is permissible. Note that u, is left

in AC from 98. Zt, is formed, with a scale

factor of 3 since t, may be greater than one

half and Zt, could therefore exceed one.

Pace 95

98.01 ca WLg ~1
.02 ts D390

99.01 su D35

.02 ts Dl

.03 ca D34

O04 su D326

.05 ts D32

.06 ca Dhl

.07 dv D37

.08 sl 15

.09 mr D32

.10 ad D36

.11 ts DLO

. 12 sT 4

.13 ts D3l

.14 ca D365

15 sr i

,16 ad D131

,17 ts D378

The values u,, and t,, may be stored in place of

1, 1 and ty 1 since the latter are no lonzer needed

and the former will become u, . and t, ] in the

100.01 ca D39

.02 ts D35

,0%3 ca DUO



next cycle. The newly calculated Au, takes

the place of the earlier Au, for use im-

nediately in the trapezoidal integrations.

Flow must now proceed to 92., hence the sp

operation.

As in 97., since the new point has gone above a

desired waterline, integrals must now be taken

Page 96

100.04 ts D36

.05 ca Di

,06 ts D37

.07 sp 92.01

101.01 as 108.01

02 td 96.01

only up to the waterline, and then integrals be-

tween the waterline and the new point will be

formed by another cycle. First the proper address

must be sent to the sp order in 96. to direct flow

for this case.

As in 98.,, the desired waterline takes the place

of u, for the time beinz. The waterline address

is modified by 108. Flow must now proceed to 99.,

102.01 ca WLq

«02 ts D390

° 03 8D QQ, 01

hence the sp overation.

Mn.

“

Having completed one travezoid, the progsram must

prepare for another. The end point wu, ,t, of

the last tranezoid becomes the initial point

1, 12% of the tramezoid-to=~be.

fhen thls block is reached for the first time 3

103.01 ca D33

.02 ts D35

.03 ca D334

,04 ts D36

104.01 sp 105.01
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the integration will have gone across the deck

and will be ready to start down the left-hand

side. In this case the flow should proceed to

105. However, after the left side is completed

and the computation goes up the right side, flow

should proceed to 1lli.

The sddresses in 86. are modified to permit de-

termination of the rotated coordinates of the

next lower point on the left-hand side,

105.01 ac 86.01

.02 ao 86.04

.03 ac 86.09

Ot ao 86.12

To determine whether the bottom of the ship has

been reached, the address from which the next

interpolated height is to be taken is compered

with the address of the height at the base line

(obtained from block 82. of Flow Diagram III).

Note that the operation codes must also be sub-

106.01 ca 82.1%

02 su C31

03 ad 032

. Ol su 86. 01

05 ep | 826.01

,06 sp 109.01

tracted out. If the process is complete (next

address greater than address at bottom) flow

proceeds to 109., while if the bottom has not

heen reached. flaw returns to £6.

[f the trapezoid included a desired waterline as 107.01 ca 88,02

its lower limit, the new point is in a lower range .02 td 89,01



than the old point, so that addresses must be

changed in gg,, 89., 93. 95. 98., and 102.

Flow must then return to 87., hence the sp

yperation.

r” poe ng

107.03 td 102.01

Oh su C33

.05 td 88,02

.06 td 98.01

.07 ca 93.01

.08 su C33

.09 td 93.01

.10 td 93.02

11 ca 95.01

.12 su C33

13 td 95.01

J14 td 95.02

15 sp 87. 0

Similarly, if the trapezoid included a desired

waterline as its uvper limit, addresses must be

chanced as in 107., except that increasing is

sasier than decreasinz by virtue of the ao op-

aration. Flow must then return to 87., hence

the sp operation.

108.01 ao 88.02

.02 ao 89.01

.03 ao 93.01

Olt a0 92.02

.05 a 95.01

.06 ao 95.02

.07 ao 98.01

.08 a 102.01

,09 sp 87.01

Since the bottom of the ship has been reached on 109.01 ca 82.13



the left-hand side, the next point should be

picked at the bottom on the right-hand side,

Hence the addresses Wp -2 and Xp ~2 must be

sent to 83. In future cycles it will be nec-

essary to have set the addresses in 86. back

to the top of the ship, i.e., to Wl and Xl,
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109.02 td 83.01

.03 td 83,09

Of ca 82,10

.05 td 83,04

06 td 83.12

07 as Wl

.08 td 26.01

.09 td 86.09

.,10 as Kl

.11 td 86,04

12 td 86.12

Since the integration is starting up the right-

hand side, the proper address must be sent to

he sp order in 104. to direct future flow.

110.01 as 111.01

.02 td 10L.01

, 03 sp 82,01

 -—

To determine whether the top of the ship has been

reached on the right-hand side, the address from

which the last interpolested breasdth was tsken is

111.01 ca 33.04

,02 su C32

,03 co 121.01

compared with the address of the breadth of the

eck.

The deck havinz been reached, the flow-directing

sp orders in 84, and 104. are set up for a new

ycle.

112.01 as 85.01

.02 td 8h.01

.03 as 105.01



page 100

112.04 ta 104.01

To determine whether all the angles have been

sompleted, the address of the last used e, is

compared with Oo .

The last angle having been completed, the pro-

cram is reset to the initial angle values for

2» new cycle,

113,01 ca C35

02 su 83.06

.03 cp 122.01

114.01 as 61

.02 td 83.06

.03 td £3.10

O04 td 86.06

.05 td 8.10

.06 as 9'l

07 td 83.06

.08 td 83.1k

.C9 td 86.06

.10 td 8g6.1L

11 as V1,q
0)

12 td 93.01

13 td 93,02

14 as Ml,q
0

15 td 95,01

lo determine whether all stations have been

rompleted, appropriate eddresses are compared.

1b td 9K,02

115,01 ca C36

.02 su 56,02
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At this point it should be remembered that Flow 115.03 cp 123.01

Diagram II is a part of the large cycle involved

for integrating each station, and the address

indicating the station last used is in 56.

All of the integrations between waterplanes hav-

ing been done, the actual values of the integrals

up to the various waterplanes must be formed.

This involves multiplying each "integral" by the

Simpson's rule factor (in this case = already

stored in El). The integrals between waterplanes

must then be summed to form the integrals up to

each waterplane, and a scale factor of 2™e must be

introduced before this is permissible. The sum-

mation will be done in a double cycle, the first

step being to select the integral in the lowest

interval, multiply it by the Simpson factor and

the scale factor, add to it the integral up to it

(in this case the integral up to the bottom, which

116.01 ca V1,]

02 mh El

03 sr 2

,0Lb ad V1,O

05 ts V1,1

is of course zero, so that zero is stored in Vk,0Q and

Mk,0for all k). (Note that this storage setup is

not included in the flow disgram.) The total scale

factor associated with V ig pol ~dt2)=2-p=2_ _-2q-p

which is in accord with volume scale factor for the

upright integration and is safe.
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The values of moment are summed in a manner ex-

actly analogous to that in 116. The total scale

factor is reasonably safe but for absolute assur-

ance another 5" should be inserted, permitting the

moment to be the total maximum volume times z the

117.01 ca Ml,1

.02 mh El

 3 gr 7
iad

O04 ad Mi,0

05 ts Ml,1

naximum breadth. Xven with the factor as it stands.

the maximum moment in the typical study would have

only 8 binary digits.

The quantity q (index, not scale factor) is not

readily available in an address, since the ad-

iresses have double indices, and it becomes ex-

pedient to store an index equivalent to q in tem-

porary storage D42, Its initial veslue may as well

be -g, 50 that if it is increased by one each time

it will become zero when the cycle has been com~

118.01 ao Dh2

«02 cp 128,01

.03 cs C37

,O4 ts Dupo

pleted a, times, because the ao order leaves the

negative of the quantity in AC. The minus sign

is desirable. When the index becomes zero. it

should be restored to —q_ for the next cycle.

'he comparison for k is simple since the first

index q 1s already stabilized at q . Notice that

the sign of the comparison differs from that shown

116,01 ca 116.01

 02 su (C38

,03 cp OUTPUT
PROGRAM

in the flow diagram in order to permit 120. to fol-

tow 119. directly.
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The next cycle must be done with k increased by

»ne, Furthermore, gq should be restored to one.

Only one need be added to each address since

(kyq_ )+ti=(kt1,1).

120.01 &amp;o 116,01

.02 80 116,04

.03 ao 116.05

,O4 ao 117.01

.05 ao 117.04

06 a 117.05

,0] sp 116.01

After 111., the top of the ship having not been

reached, the next higher point must be chosen by

23. This involves reducing the addresses by one.

121.01 ca 83,01

.02 su C33

.03 td 83.01

O04 td 83.09

.05 ca 83.0L

.06 su C33

.07 td 83.04

08 td 83,12

09 sp 83,01

After 113%., not all anzles having been completed,

the addresses in 83%., £65., 93., 95., must be ine

~reased to prepare to take another ansle. The ad-

iresses Vi, q and Mk, q mist be increased by a,

since (k,q_ )*+q_=( ktl,qg J.

122.01 ao 83.02

02 ao 83.006

.03 8a 83.10

04 ao 83.14

.05 ao 80.02

.06 so 86.06

.07 ao 86.10
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122.08 ao 86.14

,09 ca 93,01

,10 ad C37

11 td 93.01

12 td 93.02

.13 ca 95,01

14 ad C37

15 td 95.01

16 td 95.02

17 sp 83.01

After 115., the quantity Jj -J is in AC. If

j =3=1 is negative (zero), the next cycle will

127.01 su C33

,02 co 125.01

be the last and the Simpson coefficient should

be one. Otherwise, the Simpson coefficient will

he two or four.

The Simpson coefficient is ziven its initial

value. Flow must now return to 55., hence the

sp order.

[f the Simpson coefficient was two or one, it

should become four. and if four. two. To de

termine what it was, sr 1 is subtracted from

124.01 as 2

.02 td 92.03

.03 td 94.05

04 sp 55,01

125.01 ca CLO

02 su 92,03

03 ep 127.01
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the sr order. If the coefficient was one

(st 2) or two (sr 1) the result is negative,

The proper number of shifts is put in AC. Since

the orders to transfer the digits to the proper

126.01 as J

. 02 sp 124.02

places are already in 124., along with the sp 55.01

order, an obvious saving results by ordering

sp 124.02.

Again the proper number of shifts is put in AC

and the flow is directed to 124,02.

After 118,, to repeat the cycle with qtl in place

&gt;f q, the appropriate addresses are simply in-~

creased by one,

127.01 as

,02 so 124,02

128,01 as 116.01

.02 a0 116.04

.03 ao 116.05

O04 ao 117.01

.05 ao 117.04

06 ao 117.05

.07 sp 116.01
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VII - Summary

Required data and assumptions

In the program as given, the following data are required:

.) The breadth of the ship at eleven equally-spaced sta-

tions at i waterplenes starting at the base, where

the 1° plane is above the deck of the ship at every

station, and the breadth at the deck is given in lieu

of the breadth at the waterplane above the deck.

2) The heights of the waterplanes at which the breadths

are given.

3) The height of the deck at each station.

1) The length of the projection forward of ¥F.P. and aft

»f AP. for every waterplane (zero is the value in

most cases).

5) The shape factors for the fore and aft appendages.

6) The height KO to be used in determining cross curves.

7) Optional ~ The angles and waterplanes to be used in

finding cross curves. These could equally well be

chosen once and for all, using relative rather than

absolute heights for the waterplanes.

Optional ~ The number of waterplenes at which data

are given and the number to be used in calculating

curves of form. The computer could count the number

ziven, determine the highest waterplane below the
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deck at all stations, and calculate curves of form

up to that plane.

[It has been assumed that the waterplanes for which

breadths are given are spaced from the base in the ratio 1,1,2,..

-1 .n n* 9 2 L, oe 0) of 1, ’ se 09 oR, 0 , 2,

It has been assumed that the appendages do not contribute

more than about 5% to the area and 10% to the moment of inertia about

the midship station. These assumptions are easily modified,

Estimate of errors

The validity of Simpson's rule for the integrations in

apright position has been tested experimentally on the typical study.

The values needed for the curves of form were 8ll calculated and

were found to agree well with the values obtained by the convention

nl method, except at extremely shallow drafts, where percentage dif~

ferences between results went as high as 10% or more. Neither Simp-

son's rule nor an integraph is likely to be very accurate at shallow

drafts and it would be hard to say which 1s the more accurate. At

more normal drafts, results are better and for the most part the dif-

ferences between the Simpson rule resvlt and the Tchebycheff result

are within the least errors which are expected, C. L. Wright, Jr.,

states in a letter dated November 9, 1948, that he believes the er-

rors in the conventional method of calculation as illustrated are

within the following limits:

"(a) Displacements, tons per inch immersion, and moments
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to change trim one inch within C.5%.

'(b) Heights of centers of buoyancy and of metacenters

above the keel within 0.2% of the beam of the vessel.

'(c) Distances of centers of buoyancy and of centers of

flotation from midships within 0.1% of the length of

the vessel.

"(d) Righting Arms within 0.2% ¢. the beam of the ve: A

Computer storage requirement

The program requires 758 orders, and hence 758 storage

registers, Data storage, allowing for twenty waterplanes, re-

quires about 320 registers, There are about 130 constants which

nust be stored. The results will occupy 120 registers for curves

of form and 420 for cross curves. Temporary storage as given re-

quires about 250 registers, but by proper assignment, making use

of each register as often as poegsible, this requirement can be re-

luced to at most 150. The total requirement is then about 1600

rezisters, well within the 2048 provided in the Whirlwind Computer.

It should be pointed out, however, that the 420 resister

requirement for cross curves is for points at 16 depths at 15 angles,

there belng two coordinates for each pcint. The program can easily

be made to give closer svacinzs of points both in ancles and depths.

but the process cannot be extended very far without exceeding the

storaze capacitv of the machine.

computer time requirement

To estimate the time required to perform the program given,
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Lt is necessary only to estimate the number of times each block

will be gone through in the course of a complete computation.

Considering the first Flow Diagram, the total number of orders irs

the following, where "1. to 31.", for example, means the sum of

all the orders in blocks l. through 3l.:

j (1. to 3.)t4.+4(5. to 6.)+7. to 9.+ (10. to 12.)+ 13. to

15.44,(16. to 18.)+19. to 22.+j (23. to 25.)+26. to 31,

(nt1)+(32. to 35.)n+(36. to 53.)(n-1)

39J nt308n+39) +164.

For Flow Diagrams II and III a little more approximation is neces-

sary, since some of the alternative paths depend on the shape of

the ship, but a good approximation is:

Jy 55.41 (56. to 57.)+58. to bl.+1 62. to 6U.+L4(65. to 67.)

+3(68. to 69.)+70. to 78. +82tk hi (83.+8L.+86.)+61 (87. to 96.)

tq (87.+88.+92. to 102,+107.+108. )+81 (103. to 104. H+li (105.
+106.+111,4121. )+109.+110.+112.+113, +122, +114.+115.4123.+125.+126

tk q_ (116. to 118.4128, )+119.+120.

=ho81 J k +2031 J +994 +20k +10k_
If the values as given in the program are sub-.ituted, these results

yield: 740On + 550 for the curves of form and

80000 i+ 5000 for the cross curves.

With values of 15 for n and 20 for 1 these become 11600 and 1,600,000

respectively, The total computing time would then be about 20 geconds.,

with less than k second required for the curves of form zlone.
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BIBLIOGRAPHICAL NOTE

Most of the information used in this thesis was obtained

from correspondence with Charles L, Wright, Jr., and from the clas~

:ified literature of Project Whirlwind. For that reason an attempt

sas made to reproduce all the necessary information in the body of

he thesis in the hope that the sources will not be needed by the

reader.

A very helpful standard text on naval architecture is:

ossell, H. E., and Chapman, H. B., Principles of Naval Architecture
Volume 1, New York, 1939,

A general discussion of programming for digital compu-

ters, which includes (in Part II, Volume II) detailed codes for ine

egration and interpolation is:

Goldstone, H, H,, and von Neumann, J., Planning and Coding Problems
for an Electronic Computi Instrument, Parts I and II, Prince-
ton, N. J., 1946~1GL8.




